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ABSTRACT 
 
 Abandoned metal mines are among the most severe environmental problems in 
Portugal, particularly taking into account the fact that in many cases the closing of mines are 
not followed by environmental requalification plans. As a consequence tones of metal 
residues are still circulating in their surroundings, with unpredictable effects to living 
organisms. However, in selected animal models, in spite of the potential environmental risk 
that these polluted areas may represent, few studies have investigated the environmental 
health impacts of long-term exposure to mining residues.  
The main objective of the present PhD project was the evaluation of the environmental 
impact of metal abandoned mines located in southern Portugal (the Preguiça mine deactivated 
since 1964, and the Aljustrel mine deactivated since 1996), using two small mammals species, 
the white-toothed shrew (Crocidura russula) and the Algerian mouse (Mus spretus), as 
sentinels.  
The main results can be summarized, as follows: 1) environmental levels of 
manganese, iron, copper, zinc, lead and arsenic are still circulating in the surroundings of both 
mines; 2) high hepatic contents of cadmium and nickel were detected in C. russula collected 
in the Preguiça area, while in shrews from Aljustrel besides cadmium and nickel also an 
increased accumulation of iron, lead, mercury and molybdenum in liver and/or kidney was 
found; 3) shrews from Preguiça revealed no significant alterations on haematological 
parameters and antioxidant enzyme activities, while Aljustrel shrews presented a hepatic 
decrease in glutathione S-transferase (GST) activity, an increase in relative liver mass and in 
hepatic histological alterations, and also an increase in micronucleus frequency in peripheral 
blood; 4) findings in M. spretus showed an increased of selenium in Preguiça individuals and 
increased hepatic iron and selenium in Aljustrel area; 5) in Algerian mice, hepatic glutathione 
peroxidase (GPx) activity increase, especially in dry season, and also hepatic histological 
alterations in both mining areas were detected; 6) high induction of hepatic metallothioneins 
was found in winter in Algerian mice from Aljustrel mine; 7) season seemed to be an 
important factor regulating the several biomarkers variation, whereas sex and age were less 
relevant factors; 8) in experimental conditions using the M. spretus as a model, the toxicity of 
lead seemed to be dependent of the duration of exposure and originate alterations in body and 
spleen mass, and in haematological and cytogenetical parameters; 9) also in controlled 
conditions, contamination by cadmium, lead and zinc induced micronucleus, sister chromatid 
exchange and sperm abnormalities in Algerian mice and the mutagenic potential of these 
elements could be dependent of the time of exposure and of the interaction between elements. 
  
viii 
These results confirm the potential environmental impact of abandoned mines, and 
strongly support the need of requalification plans in old mines. This study also confirms the 
relevance of small mammals as bioindicators of environmental pollution and the usefulness of 
biomarkers in identifying toxicological effects in living organisms. 
 
 
 
KEY-WORDS: Abandoned mines, pollution, metals, biomarkers, Mus spretus, Crocidura 
russula 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
ix 
RESUMO 
 
 A actividade mineira tem sido considerada uma das maiores fontes de contaminação 
ambiental por metais pesados. Em Portugal, a exploração mineira iniciou-se há vários séculos, 
desde os períodos Pré-Romano e Romano, tendo dado uma importante contribuição para a 
economia portuguesa nos séculos XIX e XX, embora nas últimas décadas a sua relevância 
tenha vindo a diminuir. Consequentemente, várias explorações mineiras consideradas 
economicamente não viáveis foram deixadas ao abandono sem que medidas de recuperação 
ambiental tenham sido simultaneamente implementadas. A acumulação incontrolada de 
quantidades significativas de metais potencialmente tóxicos, a contaminação de águas 
superficiais e subterrâneas, assim como da atmosfera, do solo ou da vegetação e a degradação 
da paisagem, constituem alguns dos mais importantes impactos ambientais destas minas que 
se podem traduzir em graves consequências a nível biológico e ecológico. 
 O presente estudo foi realizado em duas áreas mineiras abandonadas (mina da 
Preguiça e mina de Aljustrel) que constituem bons modelos para a investigação dos 
problemas ambientais anteriormente referidos. Ambas localizadas na região do Baixo 
Alentejo, a Mina da Preguiça manteve-se em laboração entre 1911 e 1964, período durante o 
qual foram extraídos óxidos e carbonatos de zinco e de chumbo, enquanto que em Aljustrel 
foram explorados minérios contendo cobre, zinco, chumbo e prata, entre 1867 e 1996. 
 Em termos de toxicidade é relativamente bem conhecido o efeito nefasto que os metais 
pesados possuem sobre os seres vivos, nomeadamente quando existem em grandes 
concentrações e a sua biodisponibilidade é elevada como acontece neste tipo de minas 
abandonadas, não estando no entanto os mecanismos de acção envolvidos nestes processos 
ainda bem esclarecidos. 
 Com efeito, nos organismos de metabolismo essencialmente aeróbico com o são, na 
generalidade os metazoários, os metais pesados, entre outras acções específicas de cada 
elemento, podem provocar o aumento da produção de formas reactivas de oxigénio. A 
actividade pro-oxidante exercida por estas formas, a nível molecular, pode originar situações 
de stress oxidativo conduzindo, por exemplo, à modificação oxidativa de proteínas, lípidos e 
DNA, com consequentes modificações ao nível da estrutura dos tecidos e alterações 
cromossómicas, entre outros aspectos deletérios. Existem contudo mecanismos que, em certa 
medida, são capazes de prevenir ou neutralizar estes efeitos pro-oxidantes – os chamados 
sistemas de defesa antioxidante (enzimáticos e não enzimáticos) – que medeiam um conjunto 
de processos metabólicos responsáveis pela manutenção da integridade das estruturas 
  
x 
biomoleculares. No entanto, uma exposição prolongada a metais poderá originar um aumento 
exacerbado da produção de formas reactivas de oxigénio, ocasionando danos irreparáveis nas 
referidas moléculas por uma não compensadora eficiência das defesas antioxidantes. A acção 
lesiva nas proteínas poderá originar alterações da membrana celular e de receptores pondo em 
causa o normal funcionamento dos mecanimos de transdução de sinal, quer de hormonas quer 
de factores de crescimento e outros, com repercussões a nível de praticamente todos os 
processos fisiológicos. Por outro lado, lesões ao nível do genoma poderão ocasionar mutações 
e a consequente ocorrência de doenças degenerativas, processos carcinogénicos e outros, 
nefastos para a fitness das populações naturais. 
 Apesar das análises químicas do solo, plantas e água fornecerem informações acerca 
da concentração dos elementos no ambiente, estas tornam-se, por sí só, inadequadas na 
avaliação da disponiblidade biológica dos contaminantes e da sua toxicidade para os 
organismos vivos. Os animais presentes em ambientes sujeitos à acção destes poluentes, 
assimilam-nos espacialmente e temporalmente de modo diferente, sendo de esperar portanto 
que apresentem elevadas amplitudes nos níveis de acumulação e consequentemente também 
alargado leque de respostas biológicas. Diversos estudos sobre a circulação e a distribuição de 
poluentes no ambiente e a identificação dos seus efeitos adversos para os seres vivos, 
incluindo o Homem, baseiam-se na utilização in situ de pequenos mamíferos como 
bioindicadores,. 
Neste contexto, e considerando a reduzida informação existente acerca do impacto 
ambiental das minas abandonadas, o principal objectivo deste projecto de tese foi o de avaliar, 
nas duas minas abandonadas que foram selecionadas, o estado de saúde de duas espécies de 
pequenos mamíferos ali residentes e relativamente abundantes (Crocidura russula e Mus 
spretus), previamente reconhecidas como boas indicadoras de poluição por metais pesados, 
recorrendo à análise de vários tipos de marcadores biológicos (morfológicos, histológicos, 
bioquímicos e genéticos). Esta abordagem permitiu avaliar o impacto ambiental destas minas 
desactivadas numa perspectiva de conservação da vida selvagem. 
 Os resultados obtidos são apresentados e discutidos em dois capítulos. O primeiro diz 
respeito à monitorização ambiental in situ, usando como bioindicadores C. russula e M. 
spretus integrando cinco artigos científicos sobre esta temática. O segundo capítulo inclui 
dois artigos científicos que se reportam a experimentações ex situ no modelo M. spretus. 
 No primeiro artigo do primeiro capítulo foram determinados os níveis de acumulação 
de metais no fígado e avaliados os efeitos da poluição ao nível de parâmetros hematológicos e 
enzimáticos, em animais da espécie C. russula provenientes da área da mina da Preguiça. 
Quando comparados com os da área de referência, os indivíduos da mina da Preguiça 
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apresentaram concentrações significativamente superiores de cádmio e de níquel, no fígado. A 
ausência de outras alterações significativas ao nível dos biomarcadores analisados, parecem 
indicar haver uma reduzida biodisponibilidade ambiental dos metais, aliada possivelmente ao 
facto da espécie C. russula apresentar grande tolerância face à poluição.  
 O segundo artigo deste capítulo teve por objectivo determinar as concentrações de 
vários metais no fígado e no rim de C. russula da área da mina de Aljustrel. Para além disso, 
foram avaliadas possíveis variações de vários parâmetros morfológicos (peso corporal, peso 
relativo de diversos órgãos e índice de condição física). Os indivíduos de C. russula da área 
mineira apresentaram nos tecidos uma significativa acumulação de ferro, chumbo, mercúrio, 
cádmio, molibedénio e níquel em relação aos valores de referência. Em termos dos metais 
acumulados, foram registadas, ao nível hepático e renal, variações significativas em função da 
estação do ano e do sexo. A idade revelou ser o factor de variação da acumulação tecidual 
menos relevante. Provavelmente relacionado com a toxicidade houve um aumento do peso do 
fígado nos animais de Aljustrel. Esta mina parece representar do ponto de vista ambiental 
uma situação mais preocupante do que a mina da Preguiça. As diferenças do ponto de vista 
ambiental entre as duas minas poderão estar relacionadas com o tipo e processos de 
exploração realizados e os tipos de minérios extraídos em cada uma delas, assim como com a 
duração do período de exploração e o período de tempo decorrente desde o fim da sua 
exploração. 
 O terceiro artigo reporta-se ao estudo dos efeitos hematológicos, genotóxicos, 
enzimáticos e histológicos resultantes da bioacumulação de metais nas populações de C. 
russula da mina de Aljustrel. Os indivíduos expostos à contaminação apresentaram alterações 
biológicas significativas quando comparadas com os animais de referência. No fígado foram 
significativas: a diminuição da actividade enzimática do glutationo S-transferase (GST), o 
aumento do número de micronúcleos e algumas alterações histológicas. A idade revelou ser 
um factor importante nas variações registadas, enquanto que o sexo apresentou-se como um 
factor menos relevante. Alguns dos biomarcadores analisados mostraram-se úteis para 
avaliação do estado de saúde de C. russula, comprovando-se igualmente a perigosidade que 
constitui a mina de Aljustrel para as populações selvagens de pequenos mamíferos. 
 O quarto artigo refere-se a um estudo que teve por alvo os indivíduos da espécie M. 
spretus residentes nas duas áreas mineiras. Foi realizada a monitorização sazonal de vários 
parâmetros (morfológicos, histológicos, fisiológicos e bioquímicos). Os animais de Aljustrel 
apresentaram concentrações significativamente elevadas de ferro e de selénio e um 
decréscimo significativo de cobre no fígado, enquanto que os da Preguiça apenas 
apresentaram uma significativa acumulação de selénio neste órgão. Em ambas as áreas, 
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verificou-se haver um aumento estatisticamente significativo da actividade do enzima 
glutationo peroxidase (GPx), especialmente durante a estação seca. Para além disso, foram 
também observadas alterações histológicas no fígado dos animais das duas áreas mineiras. 
Este estudo confirma o perigo ambiental que constituem as duas minas abandonadas para as 
populações selvagens de pequenos mamíferos, embora relativamente, Aljustrel pareça 
apresentar maior perigosidade. O significativo aumento da actividade do GPx aliado ao 
aumento moderado da concentração de selénio no fígado dos animais poderá, talvez, explicar 
a existência de um certo grau de tolerância observado para nesta espécie, tal como também, 
aliás, para C. russula. 
 No quinto e último artigo deste capítulo foram estudadas pela primeira vez as 
variações das concentrações de metalotioninas (MTs) no fígado e no rim de M. spretus, 
através de uma abordagem sazonal, comparando-se a área de referência com a área mineira de 
Aljustrel. Os níveis de MTs embora não significativamente diferentes foram aparentemente 
superiores na área mineira. O Inverno foi a estação do ano em que se verificaram níveis 
hepáticos significativamente superiores de MTs nos animais de Aljustrel, sugerindo que a 
além da poluição por metais, a indução da produção destas proteínas poderá ser influenciada 
por outros factores para além da poluição (e.g. temperatura, fotoperíodo, actividade sexual). 
Os valores de concentração de MTs obtidos pela primeira vez para esta espécie constituem, 
dada a inexistência de dados anteriores, uma importante referência para trabalhos futuros. 
 Com o objectivo de confrontar e analisar diferentes metodologias e resultados neste 
projecto para além da monitorização ambiental in situ foram também desenvolvidos alguns 
testes laboratoriais. 
O primeiro artigo do segundo capítulo reporta-se a uma experiência laboratorial em 
que foi administrado em M.spretus e através da água de beber, uma dose fixa de acetato de 
chumbo durante vários períodos (15, 45 e 90 dias). Comprovando a elevada toxicidade do 
chumbo nesta espécie, foram observadas alterações significativas do peso corporal e do baço 
e igualmente ao nível da frequência de micronúcleos na medula óssea. As alterações dos 
parâmetros hematológicos, devem-se muito provavelmente à já conhecida interferência do 
chumbo com enzimas intervenientes na síntese da hemoglobina. Os efeitos do chumbo 
parecem estar dependentes da duração do período de exposição. Consequentemente a 
exposição prolongada dos animais a este metal, na natureza, poderá resultar num decréscimo 
da sua esperança de vida, aumentando a sua vulnerabilidade aos predadores e originando 
disfunções reprodutoras, com graves consequências na fitness populacional. 
 O segundo artigo artigo deste capítulo teve por objectivo investigar, em condições 
experimentais, modificações do DNA (frequência de micronúcleos, troca entre cromatídeos 
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irmãos) e anomalias dos espermatozóides, em M. spretus quando exposto individualmente a 
cádmio, a chumbo e a zinco ou a combinações selecionadas destes elementos. O estudo 
demonstrou que todos os metais poderão ter potencial mutagénico, o qual está dependente do 
tempo de exposição e das interacções que possam ocorrer entre estes elementos, confirmando 
assim a perigosidade ambiental que as áreas mineiras, onde circulam misturas de elementos 
que apresentam grande biodisponiblidade e que interactuam entre si, podem ter sobre a saúde 
da vida selvagem e/ou humana, muito em particular ao nível reprodutor. 
Os resultados do presente estudo, vêm confirmar o impacto ambiental negativo das 
minas abandonadas e a necessidade da existência de planos de requalificação ambiental como 
forma de minimizar os efeitos adversos quer para o ambiente quer para populações animais aí 
residentes e em última análise, para o próprio Homem. O estudo veio ainda confirmar a 
importância dos pequenos mamíferos como bioindicadores de poluição ambiental e a 
utilidade da integração de vários biomarcadores na avaliação dos efeitos toxicológicos dos 
metais associados aos minérios explorados nestas minas. 
 
 
 
PALAVRAS-CHAVE: minas abandonadas, poluição, metais, biomarcadores, Crocidura russula, 
Mus spretus  
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LIST OF ABBREVIATIONS AND SYMBOLS 
 
ALT – alanine animotransferase 
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BM – body mass 
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DNA – deoxyribonucleic acid 
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H2O2 – hydrogen peroxide 
H&E – hematoxylin and eosin 
HCT – haematocrit 
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RI – residual index 
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1. GENERAL INTRODUCTION 
 
1.1. ABANDONED MINING AREAS IN PORTUGAL: PRESENT SITUATION, ENVIRONMENTAL 
IMPACTS AND SOME EXAMPLES 
 
Since the late 1970s there has been a general increase of concern for the environment, 
mainly due to evidence that human actions are causing visible and significant environmental 
changes.  
Among the anthropogenic activities that may raise environmental issues the mining 
industry is probably the one that produces the deepest impacts on the environment. Moreover, 
deactivated mines are broadly considered a relevant environmental problem, as they represent 
uncontrolled sources of release of metals into the environment (Luoma, 2000). 
In Portugal, several historical records point out for the existence of mining activities 
since the Pre-Roman and Roman ages (Schermerhorn et al., 1987). During the first decades of 
the last century, about 240 mines were known to be in full activity, but fifty years after (in 
1989) this number decreased to about 65 mines (Barbosa and Dray, 1992).  At the present 
(2006), only 5 active mines of extraction of metallic minerals were reported in Portugal 
(Direccção Geral de Energia e Geologia, 2008). This significant decline of mining activity is 
related to the loss of economical and technological viability of these structures, resulting in a 
great number of abandoned mining areas, mostly without considering any sort of 
environmental recovery plan. So, due to long time of permanence of metals, in those areas, 
high elemental levels may still be circulate in environment with unpredictable consequences 
for living organisms, including man (e.g. Walker et al., 1997). 
Portugal is recently starting to developed specific procedures and methodologies for 
the assessment of polluted mining areas. The increase of environmental and governmental 
pressures in the European Union, which are also related to some environmental mining 
disasters, like those that occurred in Aznalcóllar (Spain, 1998) e Baia Mare (Romania, 2000), 
resulted, in 1990, in the setup of more restrictive European and Portuguese rules for the 
exploitation of geological resources. Those include a description of the measures to be 
adopted to prevent environmental pollution and to ensure the restoration of the exploited area 
after mine shutdown. It was also established that labouring mines involving areas bigger than 
5ha or an annual production above 150,000 ton, are compiled to assess potential impacts on 
human health and on the environment (soil, water, air, landscape) (Rodrigues, 1998).  
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Notwithstanding the current legislation aimed at preventing and reducing the 
environmental impacts resultant from mining industry, large volumes of mine wastes occurs 
in the south of Portugal as a result of ore extraction from several metalliferous labouring 
mines. 
At most mines, some of the metals existing in the mined materials cannot be recovered 
during mill operations and are discharged into a tailing disposal facility. These mining wastes 
containing high metal concentrations are released continuously in the environment, from 
erosion and leaching of the mine tailings, shafts and open pits, being responsible for chemical 
contamination of waters, soils and sediments and overall for the landscape degradation.  
Mining drainage waters in contact for a long time with mineralized veins, often 
presents high levels of dissolved metals. For instance, the sulphide minerals, frequent in 
several mines, are quite vulnerable and susceptible to be oxidized by the oxygen present in 
pluvial waters (Santos Oliveira et al., 2002). Through chemical, electrochemical, and 
biological reactions, the oxidation of sulphides originate ferric hydroxides and sulphuric acid 
producing acid mine drainage (AMD) which is characterized by high metal content at low pH. 
AMD is one of the biggest environmental problems caused by the sulphide mining deposits 
(Akcil and Koldas, 2006), since under acidic conditions, the mobility of elements, such as 
iron, cooper, zinc, selenium, arsenic, cadmium and mercury, tends to increase in solution 
phase. Consequently, metals can be transported from the mine site to a receiving stream or 
water body, or can leach into the groundwater (Förstner and Wittmann, 1983; Simón et al., 
2005). In addition, the effluents contaminated with heavy metals (e.g. spilling waters from the 
debris and/or mine drainage waters), which flow freely into the water streams, penetrate the 
subterranean aquifers through infiltration and percolation processes, becoming an important 
source of anthropogenic pollution of the hydric resources in mining surrounding areas (Santos 
Oliveira et al., 2002). These processes go on, not only during the mine’s life cycle, but also 
for many decades and even centuries after the close of mining exploitation. 
Besides the knowledge of the total heavy metal content as well as the main chemical, 
physical and mineralogical characteristics of the mining tailings, it is in fact essential to have 
information on the mobility and bioavailability of the heavy metals in order to estimate the 
real environmental impact of abandoned mines (Gäbler, 1997). Several factors control the 
processes of mobility and availability of elements, and in general they are of geochemical, 
climate and biological origin. Some of the most important variables of soils which control 
element availability are the pH, redox potential, organic matter, mineral composition, 
temperature and water regime (Kabata-Pendias, 2004). The bioavailability is the fraction of 
the total contaminant mass in soil and sediment that is readily available to receptor organisms, 
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including humans, or the potential of living organisms to take up chemicals from food or 
abiotic environment and to incorporate them into their metabolism (National Research 
Council, 2003). In this context, the biological effects of heavy metals pollution are complex 
and strongly dependent of local geographic and climatic factors, the mixture of chemical 
constituents, and the vulnerability of the affected organisms.     
From a geological point of view, Portugal is a considerably heterogeneous and 
complex country, sub-divided into various geotectonic units (Ribeiro et al., 1979; Quesada, 
1992) (Fig. 1). The main metal resources are located in two areas in the south, in the Ossa-
Morena zone and in the South-Portuguese zone. Two examples of abandoned mining areas 
here located are the Preguiça mine and the Aljustrel mine. 
 
 
Figure 1. The geotectonic units in Iberian Peninsula (adapted from Instituto Geológico e Mineiro, 
1998). 
 
The Preguiça mine is situated in the Ossa-Morena zone, more precisely in the 
Magnetite-Zinc Belt, located in the NE part of the ‘Serra da Preguiça’, about 20 km southeast 
from the city Moura (Fig. 2). This open pit and underground mine began labouring in 1911 
and closed in 1964, because the deposits were small and economically not viable. The deposit 
mine comprises domains particularly enriched in zinc and lead where the stratiform sulphide 
mineralizations are associated to dolomitic marbles of the Lower Cambrian age (Vairinho and 
Fonseca, 1989). After a decade no actions of environmental requalification were taken and the 
area once occupied by the mine was naturally covered by vegetation, hiding all the tailings 
and scoria produced and accumulated in the soil (Fig. 3a) 
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Figure 2. Geographic location of the major abandoned mining areas in the south of Portugal (Preguiça 
mine    ; Aljustrel mine    ) 
 
Which concerns the Aljustrel mine, this is located in the unit South-Portuguese zone in 
the most important metallogenetic province in Portugal, the Iberian Pyrite Belt (IPB), in the 
district of Beja near the small village of Aljustrel (Fig. 2). The IPB corresponds to an area of 
Devonian-Carboniferous volcanic and sedimentary rocks containing massive polymetallic 
sulphide deposits, which forms an arcuate belt, of about 250 km long and up to 60 km wide, 
trending westwards from near Seville in Spain to west-northwest in south Portugal (Fig. 4). 
The IPB massive sulphide deposits have been known and exploited from around the year 
2000 BC and in Phoenician and Roman times, mainly for extraction of gold, silver and copper 
ore (Barriga et al., 1997).  
 
 
 
 
 
 
 
    
 
 
     Figure 3. General aspect of the studied mining areas: a) Preguiça; b) Aljustrel. 
a b
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The Aljustrel mine operated from 1867 to 1996 and shut down its operation after the 
mining activity became unproductive. The massive ore body of this mine comprises a mineral 
composed by iron and sulphur (pyrite - FeS2) with variable amounts of chalcopyrite, galene, 
and blend (Barriga et al., 1997). Aljustrel landscape reveals high degradation, since old mine 
structures with a high level of corrosion, ruins of industrial buildings, dams, channelling 
streams with reddish-yellow banks, and tons of mining tails were left in the surroundings of 
this mine (Fig. 3b). 
 
 
Figure 4. Geographic localization of the Iberian Pyrite Belt (adapted from Instituto Geológico e 
Mineiro, 1999). 
 
 
1.2. METALS TOXICITY 
 
Metals have been used by humans for thousands of years and are natural constituents 
found in rocks. Although several adverse health effects of metals have been known for a long 
time, exposure to heavy metals continues, and has even increasing in some parts of the world, 
in particular in less developed countries (Jarup, 2003). 
Generally, metals are categorized as being essential or non-essential. Essential 
elements (e.g. manganese, iron, zinc, copper and selenium) are physiologically present in the 
living organisms, since they are important in many molecular and cellular functions, and are 
thus often regulated by efficient homeostatic mechanisms (Hoffman et al., 2001). Even 
though essential elements are involved in different multiple functions and structures 
(enzymes, transport proteins, hormone specific receptor sites and transcription factors), it 
could be stated that their main role is the co-enzymatic activity, known in approximately 25-
Iberian Peninsula
N 
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30% of enzymes (Apostoli, 2002). In organisms, the dose-response relationship for essential 
elements reflect the fact that at very low intakes of the metal, biological effects may appear 
due to deficiencies, whereas at high intake, effects may be due to an overdosage (Fairbrother 
et al., 2007). Other metals, however, such as lead, cadmium, mercury and arsenic, which have 
no known function in living organisms, are toxic even at very low doses and may displace or 
substitute for essential metals and interfere with proper functioning of enzymes and associated 
cofactors (Hoffman et al., 2001). 
While each metal may have its own mechanisms of action, the generation of reactive 
oxygen species (ROS) by metals and the resulting effects on cell signalling appear to result 
from a common mechanism. Reactive oxygen species is a collective term which includes both 
oxygen radicals and certain non-radicals entities that are oxidizing agents and/or easily 
converted into radicals (Evans and Halliwell, 2001). These free radicals can be defined as 
molecules or molecular fragments containing one or more unpaired electrons being 
continually formed in small amounts by normal metabolism processes (Halliwell and 
Gutteridge, 1999). Radicals derived from oxygen represent the most important class of radical 
species generated in living systems. One of the members of ROS family is the superoxide 
anion radical (O2-•), which can be dismutated to form hydrogen peroxide (H2O2) and the 
highly reactive hydroxyl radical (OH•) in the presence of certain transition metal ions 
(reviewed by Leonard et al., 2004). 
One of the most important mechanisms of metal-mediated free radical generation is 
via a Fenton-type reaction (Stohs and Bagchi, 1995). In this reaction a transition metal ion 
interacts with H2O2 to generate OH• and an oxidized metal ion (equation 1) 
 
metaln + H2O2                   metaln+1 + OH•+ OH-     (1) 
 
The Haber-Weiss-type reactions are also important for metal-induced free radical 
generation (reviewed by Leonard et al., 2004). In these reactions, an oxidized metal ion is 
reduced by superoxide radical (O2-•) and then reacts with H2O2 to generate OH• radical 
(equations 2 and 3). 
 
metaln+1 + O2 -•                 metaln + O2      (2) 
 
metaln + H2O2                   metaln+1 + OH• + OH-     (3) 
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In addition to the Fenton- and Haber-Weiss-type mechanisms, certain metal ions can 
react directly with cellular molecules to generate free radicals or induce cell signalling 
pathways. 
ROS are well recognized for playing a dual role as both deleterious and beneficial 
species, since they can be either harmful or beneficial to living organisms (reviewed by Valko 
et al., 2007). Beneficial effects of ROS occur at low/moderate concentrations and involve 
physiological roles in cellular responses to noxia, as for example in defence against infectious 
agents and in the function of a number of cellular signalling systems.  
The harmful effect of free radicals causing potential biological damage is termed 
oxidative stress. This occurs in biological systems when there is an overproduction of ROS on 
one side and a deficiency of enzymatic and non enzymatic antioxidants on the other. So, the 
oxidative stress results from imbalance between the generation and the neutralization of ROS 
by antioxidant mechanisms in living organisms (reviewed by Valko et al., 2007). As a result, 
through ROS-mediated reactions, metals can damage cellular lipids, proteins or DNA 
inhibiting their normal function and may contribute to metals toxicity and carcinogenesis 
(Fig. 5).  
 
 
Figure 5. Role of free radicals in the mechanism of metal-induced carcinogenesis (adapted from Shi et 
al., 2004). 
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Cells communicate with each other and respond to extracellular stimuli through 
biological mechanisms called cell signalling or signal transduction (Poli et al., 2004). Signal 
transduction is a process enabling information to be transmitted from the outside of a cell to 
various functional elements inside the cell. Signals sent to transcription machinery responsible 
for the expression of certain genes are normally transmitted to the cell nucleus by a class of 
proteins called transcription factors. However, metals can affect the gene transcription, 
expression, and activation of numerous signalling proteins including growth factor receptors, 
G-proteins such as ras, tyrosine kinases, such as c-src, MAPK proteins, and nuclear 
transcription factors such as NF-kB, NFAT, AP-1, p53 and HIF-1. These effects may involve 
either activation or inactivation. Effects may be direct and through the interaction of metals 
with proteins, or indirect and through the formation of metal-induced ROS (reviewed by 
Leonard et al., 2004) (Fig. 6). 
 
 
Figure 6. Interactions between metal-induced proteins and ROS (adapted from Leonard et al., 2004). 
 
The receptors and genes affected by metals and metal-induced ROS interacting via 
signal transduction pathways can cause major cellular events including changes in cell cycle 
and apoptosis. This later process is an important part of normal cell development and function 
of organism. Properly well-functioning apoptotic mechanisms are crucial for the removal of 
damaged cells and the prevention of cancer development (reviewed by Leonard et al., 2004) 
(Fig. 5). 
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Aerobic organisms have developed through evolutionary processes antioxidant 
mechanisms designed to prevent cellular damage from ROS. Antioxidants are substances that 
have the ability to inhibit free radical generation, scavenge free radicals, and or reduce the 
oxidation and damage cause by these radicals (Shi et al., 2004). Living organisms have the 
ability to synthesize and control specific enzymatic systems which can be used for repair and 
removal of damaged proteins, lipids and DNA (Fenech and Ferguson, 2001). Also, since 
oxidative stress levels may vary from time to time, organisms are able to adapt to such 
fluctuating stresses by inducing the additional synthesis of antioxidant enzymes to regulate 
oxidative stress (Martins et al., 1991) (see more details in next sub-chapter ‘Biological 
Markers for Metal Toxicity’). 
Different toxicological effects for single metals have been extensively described in 
literature. However, less is known about the effects related to exposure to mixtures of metals, 
which is the common situation in nature. Mixtures of metals can influence expected adverse 
health effects because their components can individually act upon the same target organs or, 
together, overwhelming a particular mechanism the body uses to defend itself against toxic 
substances. Thus, metal mixtures can interact in the body in such a way that the combined 
toxicity is more serious than the individual toxicity of each metal alone. In this way, low 
doses of a certain element that might not individually cause health effects, in combination 
with other elements may become a public health issue (Calderón et al., 2003). In fact, metals 
act additively when they are present together, others act independently of each other, and still 
others are antagonistic or synergistic. Interactions among metals within organisms may occur 
when they compete for biding locations on specific enzymes or cellular receptors during the 
process of absorption, excretion, or sequestration at the target site (Fairbrother et al., 2007).  
Additionally, metal bioavailability greatly determines the behaviour and the toxicity of 
metals in environment and consequently in living organisms. Effects of metals on organisms 
must be considered within a context of physical and chemical influences affecting transport 
and fate, as well as vulnerabilities that are unique to individuals, species, populations, and 
communities (Peakall and Burger, 2003; Fairbrother et al., 2007). For example the forms of 
the metal (chemical species, particle size) can influence the metal bioavailability, fate and 
effects. On the other hand, the form of the metal is influenced by environmental 
characteristics (e.g. pH, particle size, organic matter, cation exchange capacity) (Fairbrother et 
al., 2007). Moreover, many other factors may affect the bioavailability of metals, including 
features of host organisms. A host factor can be defined as any attribute of an individual, 
group of individuals, or species that influences the amount and degree of metal exposure, 
uptake, absorption, biokinetics, susceptibility, and toxicity. Such host factors include age, 
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gender, size and weight, nutritional status, genetics (due to genetic polymorphisms), and some 
behaviours which influence exposure (Lopes et al., 2002; Burger et al., 2003; Fairbrother et 
al., 2007). 
All these processes are often highly dynamic and dependent on the metal, of its form, 
and of organism’s ability to regulate and/or stored the metal. Many organisms have developed 
also physiological or anatomical abilities for regulating and/or storing metals up to certain 
exposure levels such that metals may not be present in organisms in a concentration, form, or 
place that can result in a toxic effect (Fairbrother et al., 2007). The best-known detoxification 
molecules, which serve as storage place as well as transportation molecules in cells, are 
metallothioneins (MTs) and glutathione (GSH) (Chan and Cherian, 1992; Klaassen and Liu, 
1998). The both molecules are responsible for the intracellular fate of essential and non-
essential metal ions (Eaton et al., 1980; Foulkes, 1993). Production of cysteine-rich 
metallothionein and/or binding of free metal ions to glutathione have been suggested to play a 
cooperative protective role against metal toxicity and in this way to prevent any detrimental 
metabolic reaction in cells (Chan and Cherian, 1992). The MTs structure and function will be 
described further on, since they were one of the subjects in the present study. 
Taking in account the toxicity mechanisms discussed in this chapter, it is reasonable to 
say that when high concentrations of heavy metals are released into the environment they 
could, if are available to organisms, damage several biological macromolecules. Information 
about these biological effects in wildlife is generally very limited, but may be relevant to 
predict environmental risks in highly polluted mining areas. 
 
 
1.3. BIOLOGICAL MARKERS FOR METAL TOXICITY 
 
The presence of metals in the environment can always represents a risk for living 
organisms. Assessing the risk of pollutant exposure in wildlife or human populations involves 
the measurement of specific chemical residues in soil/water/air or in tissues, which apart from 
being time consuming is not per si a good indicator of the bioavailability of a chemical 
(Kakkar and Jaffery, 2005). One of the methods to quantify the interaction with metals and its 
potential impact on living organisms is the monitoring by the use of the so-called biomarkers 
or biological makers. According to Peakall and McBee (2001) a biomarker is ‘any biological 
response to an environmental chemical at the individual level or below demonstrating a 
departure from the normal status’. Thus, morphological, histological, physiological, 
biochemical and genetic measurements can be considered biomarkers.  
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The use of several biomarkers is recognized as an important approach for the 
assessment of pollution, as chemical analysis of environmental samples alone does not 
provide evidence of the impacts in biota. Laboratory studies can help establishing cause and 
effect relationships that can be used to verify and predict pollution effects on natural 
populations in the field. 
 
1.3.1. Enzymatic antioxidant defenses 
 
Biochemical mechanisms involved in the cellular detoxification are particularly 
relevant in order to understand the deleterious effects of several metals (Viegas-Crespo et al., 
2003; Bonilla-Valverde et al., 2004; Świergosz-Kowalewska et al., 2006). The antioxidant 
defense systems of living organisms are mainly composed by nonoenzymatic antioxidants 
(e.g. glutathione, ascorbic acid, α-tocopherol and β-carotene) and specific antioxidant 
enzymes. As pointed out in several studies, antioxidant enzymes can constitute good 
molecular markers for oxidative stress as well as indicate the magnitude of response in 
populations chronically exposed to metals (Lopes et al., 2001; Viegas-Crespo et al., 2003; 
Berglund et al., 2007). However, enzymes responses can vary for different chemicals 
pollutants and species and also in relation to environmental factors and the duration of 
exposure (Tsangaris et al., 2007). 
The major antioxidant enzymes are superoxide dismutases (SOD), glutathione 
peroxidases (GPx) and catalase (CAT) that are located in different cellular compartments in 
virtually all tissues of vertebrates, although showing in general, higher activities in liver 
(Cnubben et al., 2001). These enzymes require micronutrients as cofactors such as copper, 
zinc, manganese, iron and selenium for optimum catalytic activity and effective antioxidant 
defense mechanisms (Halliwel and Gutteridge, 1995). They are also capable of removing, 
neutralizing, or scavenging ROS, and are strategically compartmentalized in subcellular 
organelles to provide maximum protection (Yu, 1994). For instance, SOD and GPx are not 
only distributed in the cytosol, but are also localized in mitochondria, where most of the 
intracellular free radicals are produced (reviewed by Yu, 1994). Additionally, other enzymes 
such as glutathione reductase (GR) and glutathione S-transferases (GST) are secondary help 
in the detoxification of ROS by decreasing peroxide levels or maintaining a steady supply of 
compounds, like glutathione (GSH) necessary for optimum functioning of the primary 
antioxidant enzymes (Habig et al., 1974; Vendemiale et al., 1999; Singh et al., 2004). 
Superoxide dismutase (SOD, EC 1.15.1.1) destroys the free radical superoxide by 
converting it into peroxide that can in turn be destroyed by catalase or GPx reactions (Matés, 
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2000). It exists in virtually all O2- respiring organisms, and its major function is to catalyze 
the dismutation of O2-• to H2O2 and O2, according to equation 4 (Misra and Fridovich, 1972). 
 
SOD 
2 H+ + 2 O2-•                  H2O2 + O2       (4) 
 
In mammalian tissues, SOD is classified into three distinct classes depending on the 
metal ion content: cytosolic CuZnSOD, mitochondrial MnSOD and extracellular EcSOD 
(Matés, 2000). CuZnSOD is believed to play a major role in the first line of antioxidant 
defense by catalysing the dismutation of superoxide anion radicals to form hydrogen peroxide 
and molecular oxygen. CuZnSOD induction appears as a very important enzyme for the 
prevention of aging and mutation by oxidative stress and hazardous effects from 
environmental factors (reviewed by Matés, 2000). The activity of SOD varies among the 
tissues. The highest levels are found in the liver, adrenal gland, kidney, and spleen (Yu, 
1994). In general, an increase of SOD activity represents an adaptive response to higher 
superoxide ions production and disequilibrium between SOD and GPx activity could 
represent a marker of oxidative damage in cells (Gaeta et al., 2002). 
Glutathione peroxidases have two different forms, one of which is selenium-
dependent (GPX, EC 1.11.1.9) while other is selenium-independent (glutathione S-
transferase, GST, EC 2.5.1.18) (Matés et al., 1999). These two enzymes differ in the number 
of subunits, the bonding nature of the selenium at the active centre and their catalytic 
mechanisms. The selenium-dependent peroxidases (Se-GPx) are able to reduce H2O2 and 
organic hydroperoxides (ROOH), while the selenium-independent peroxidases, formerly 
called glutathione S-transferases, only catalyze reduction of organic hydroperoxides 
(Cnubben et al., 2001) (Fig. 7).  
Another enzyme, glutathione reductase (GR), regenerates GSH by catalysing the 
oxidation of GSSG to GSH (Paglia and Valentine, 1967; Pinto and Bartley, 1969) using 
NADPH as the reductor (Fig. 7). 
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2GSH 
 
 
 
GSSG 
 
Figure 7. Schematic representation of the glutathione redox cycle. 
 
The capacity of glutathione to regenerate the most important antioxidants is linked 
with the redox state of the glutathione disulphide–glutathione couple (GSSG/2GSH) (Valko et 
al., 2007) (Fig. 7).  
The enzymes, GPx and GR, are closely involved in glutathione enzymatic change. The 
form of glutathione dominant in the cell depends on the activity of those enzymes. Ikediobi et 
al. (2004) showed that radical oxygen appearance in cells following heavy metals intoxication 
may results in interruption of GSH/GSSG ratio, which then may affect intracellular GPx and 
GR activity. The main role in all conjugation processes is played by glutahione S-transferases 
(GST) (Deneke and Fanburg, 1989).   
GSTs are a multigene family of isoenzymes that catalyze the conjugation of 
electrophilic compounds to glutathione (GSH). GSTs can also express through some of their 
isoenzymes glutathione peroxidase activity towards lipid hydroperoxides generated by 
pollutants, such as heavy metals or organic pollutants (Iscan et al., 1995; Tjaalkens et al., 
1998). The diversity of substrates accommodated by GST is a result of the relatively non-
specific nature of the binding site for the hydrophobic substrate and also the existence of 
numerous isoforms of GST. GST metabolize carcinogens, environmental pollutants, drugs 
and a broad spectrum of other xenobiotics (Cnubben et al., 2001). 
 
1.3.2. Metallothioneins 
 
Metallothioneins (MTs) are a superfamily of ubiquitous low molecular weight proteins 
(6000-7000 Da, 61 amino acid residues in mammal MTs), that are sulphydryl-rich proteins 
(up to 30% cysteine in mammal MTs), with peculiar amino acid sequence (characteristic 
distribution of cysteinyl residues such as Cys-x-Cys, Cys-Cys, Cys-xy-Cys, where xy are 
amino acids different from cysteine) (Kägi and Nordberg, 1979; Kägi and Kojima, 1987; Kägi 
and Shaffer, 1988; Milles et al., 2000) (Fig. 8). They were first recognized by Margoshes and 
NADP+ 
NADPH + H+ 
GR GPx
H2O2 or hydroperoxides 
H2O or alcohols 
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Vallee (1957) in equine kidney in their search for macromolecule accounting for the natural 
accumulation of cadmium in this organ. 
 
 
 
 
 
 
 
Figure 8. Schematic representation of the amino acid sequence of mammalian MT (adapted from 
Kojima and Kägi, 1978). 
 
MTs have a high heavy metal affinity and binding capacity (7-9 g atom mol-1 thionein) 
and are able to chelate both essential (e.g. zinc and copper) and non-essential metals (e.g. 
cadmium and mercury) by cysteine tetrathiolate clusters. The metal-thiolate clusters form in 
two well-defined domains, named β (N-terminal) and α (C-terminal), with stoichiometries of 
M3Cys9 and M4Cys11, respectively, for divalent metal ions (Vašák, 2005) (Fig. 9). 
 
 
 
Figure 9. Schematic representation of the β and α metal-sulfur clusters with the divalent metal ions 
tetrahedrally arranged to bridging and terminal sulfurs (adapted from Hansen, 2002). 
 
The metallotetrathiolate clusters provide the protein with a highly stable tertiary 
structure that renders it stability to heat (Kägi and Kojima, 1987). The metal-thiolate clusters 
within the MT molecules allow rapid exchanges of metallic ions between clusters and with 
other molecules. These characteristics of binding and transference of metals appear to be 
unique to MT and fundamental to their biological role (Viarengo et al., 2000). 
Biological functions of MT include homeostasis of physiological important metals 
(Cu, Zn), and detoxification of both essential metals and non-essential metals (Roesijadi, 
1996; Viarengo et al., 2000). Due to their high cysteine content, they also participate in the 
CYS CYS CYS CYSCYSCYS
CYS
CYS CYS CYS CYS CYS
CYS CYSCYS CYS CYSCYS
CYS
CYS
β Domain α Domain
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cellular defence against oxidative stress (Kiningham and Kasarskis, 1998; Viarengo et al., 
2000). However, it should be noted that MT could protect the cells from oxidative stress not 
only acting as oxyradical scavenger, but through metal binding/release dynamics (Viarengo et 
al., 2000).  
Mammalian species have multiple MT genes coding for a family of isoforms.  In fact, 
distinct MT isoforms designated MT-1 through MT-4 have been found (Vašák and Hasler, 
2000; Milles et al., 2000). MT-1 and MT-2 isoforms are present in all organs being the best 
studied. MT-3 is expressed mainly in brain and MT-4 is most abundant in certain stratified 
tissues. The expression of MT-1 and MT-2 is regulated at the transcriptional level. Metals, 
glucocorticoids, cytokines and a variety of chemical and physical stress conditions co-
ordinately induce these genes, whereas the other two MT genes are relatively unresponsive to 
the inducers. The regulation of MT genes by heavy metals appears to be mediated by a zinc-
sensitive inhibitor that interacts with a constitutively active transcription factor (Palmiter, 
1994). In many species (bivalves, fish, and mammals) induction of MT synthesis by metal 
contaminants (e.g. copper, cadmium and mercury) has been demonstrated (Rotchell et al., 
2001; Bebianno et al., 1993; Świergosz-Kowalewska et al., 2007) suggesting the potential use 
of MTs concentrations in organisms as biomarkers of metal exposure. 
 
 
1.3.3. Genotoxic biomarkers 
 
As referred in previous sub-chapter metals through ROS-mediated reactions can cause 
DNA damage. Consequently, environmental genotoxicity of heavy metals have been 
investigated several times in small mammal species (e.g. Ieradi et al., 1998; Tanzarella et al., 
2001; Topashka-Ancheva et al., 2003). Nevertheless, this type of assessment is a complex 
issue because of the referred diversity of potential mixtures that are often found in miming 
areas (Calderón et al., 2003). 
Environmental contaminants can affect genetic systems at a variety of levels of 
organization (Fig. 10). Beginning at the molecular level, mutagens metals interact with DNA 
to form lesions (somatic effects) that can cause cell or tissue damage leading to adverse health 
effects, or stress at individual level. This in turn can lead to reproductive impairment or result 
in high mortality rates. This be able to cause population bottlenecks (an ecological effect), 
which probably result in reduction of genetic variability in populations (population genetic 
effects). Shifts in allele frequencies might result from selection at loci important for survival 
in polluted environments or by the change fixation of deleterious alleles in small populations 
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(evolutionary effects). All of these might ultimately lead to a reduction in the average fitness 
of the populations and eventually to extinction or extirpation of the population. Therefore, 
pollutants might show their toxic effects at the molecular level, but also initiate a cascade of 
responses at higher levels including tissue, reproduction, population demographics, 
population genetics, and finally, evolutionary processes including extinction (Bickham et al., 
2000).  
 
 
Figure 10. Model to illustrate the interrelationship among factors related to chemical pollution of the 
environment and the different levels of organization (adapted from Bickham et al., 2000). 
 
So, biomarkers of DNA damage are valuable tools to assess effects of acute and 
chronic exposure of living organisms to genotoxic substances. Moreover, as genotoxins may 
induce changes in DNA that are passed on to future generations, this kind of biomarker can be 
used in a predictive way, avoiding irreversible ecological consequences. A variety of 
biomarkers is available to examine for possible damage to, or changes in genetic material 
caused by environmental metals (Peakall and McBee, 2001). One of the most widely used is 
sister chromatid exchange (SCE). SCE is the reciprocal interchange of DNA at homologous 
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loci between chromatids at the four-strand stage during replication of chromosomal DNA. 
Chromosomes that have undergone SCE should not be regarded as damaged in the 
conventional sense as they are morphological intact. Nevertheless, SCE occurs at site of 
mutational events including chromatid breakage (Peakall and McBee, 2001). Alterations at 
chromosomal level can be also assessed by micronucleus test. The micronucleus test is a 
simple, cytogenetic test that has been used in laboratory test of clastogenicity. Micronuclei are 
thought to be the result of chromosome breakage (or other anomalies occurring during 
mitosis) that result in the retention of small fragments of chromatin or whole chromosomes in 
polychromatic erythrocytes after expulsion of the nucleus in the processes of red blood cell 
maturation (Peakall and McBee, 2001). Another simple test widely used is the analysis of 
sperm alterations (Wyrobek and Bruce, 1975). Although the mechanism of induction of 
anomalies in spermatozoa is not completely clear some advantages in the use of this marker is 
the reproducibility of the results and, overall to the possibility to get information on the 
transmission of genetic damages of generation to generation. In accordance to some authors 
(e.g. Hedge and Sujatha, 1995) the alterations in sperm occur as a consequence of small 
mutations in the animals DNA and endocrine dysfunction. 
 
 
1.3.4. Morphological, Histological and Physiological Biomarkers 
 
Morphological measures such as body and internal organs masses are commonly used 
to assess the health status of wild populations of small mammals exposed to some kind of 
pollution (e.g. Ma, 1996; Ma and Talmage, 2001; Nunes et al., 2001a; Sánchez-Chardi et al., 
2007). For beyond the morphological aspects caused by pollution, histological alterations can 
also occur. Disturbance of living processes at the molecular and sub-cellular levels of 
biological organization by metals frequently leads to cell injury resulting in degenerative and 
neoplasic diseases in target organs. Therefore, histological biomarkers provide important 
qualitative and quantitative information about acute and chronic effects of toxic compounds, 
sometimes not so finely predicted by other parameters (e.g. Reynolds et al., 2006; Thijssen et 
al., 2007). 
Assessment of haematological parameters also provides important information on 
health and physiological status. Several studies have reported alterations of haematological 
parameters in small mammals (Nunes et al., 2001a; Tersago et al., 2004; Topashka-Ancheva 
et al., 2003). Some reports have indicate that toxic metal exposure may cause a significant 
decrease in circulating erythrocytes, haemoglobin, platelets, and total white blood cells 
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(Topashka-Ancheva et al., 2003). For example some metals, like lead, can affected the 
production of haemoglobin by interfering with enzymes necessary for the biosynthesis of 
heme, resulting in a defective heme synthesis and anaemia. 
 
 
1.4. SMALL MAMMALS AS BIOINDICATORS OF METAL POLLUTION 
   
Chemical analyses of soil, air and water can provide information on the concentration 
of specific compounds presents in the environment. Nevertheless, these analyses alone are 
inadequate to assess the availability and potential toxicity of metal pollutants to wildlife and 
humans. So, if animals living in polluted environments accumulate spatially and temporally 
heavy metals in their tissues they can be used as bioindicators of environmental pollution 
(Talmage and Walton, 1991). 
The term bioindicator has been applied to living organisms whose characteristics are 
used to point out the presence or absence of environmental conditions which cannot be 
feasibly measured for other species or the environment as a whole (Landres et al., 1988). 
A wide range of indicator species have been used to assess the uptake of metal 
pollutants (Funes et al., 2006; Berglund et al., 2007; Elia et al., 2007). But in recent studies, 
small mammal species have been reported to be exposed in polluted areas and to 
bioaccumulate metals in different tissues (Milton et al., 2003; Damek-Poprawa and Sawicka-
Kapusta, 2003; Pereira et al., 2006; Sánchez-Chardi et al., 2007). Such data provide 
information about environmental and food chain contamination with chemical mixtures, 
potential wildlife and human exposures, and about hazard effects on animals themselves 
(National Research Council, 1991). 
Several ecological, physiological, and practical arguments support the use of small 
mammals in pollution biomonitoring and hazard assessment. Small mammals are often 
considered to represent an intermediate stage between low and high trophic levels, since they 
feed on herbs, fruits and invertebrates, and on the other hand they constitute important items 
in the diet of carnivorous birds and mammals. Moreover, they participate actively in soil 
bioturbation and take part in different subsystems due to their wide species variation in 
trophic types, which include herbivorous grazers as well as carnivorous predators of soil 
invertebrates (Metcheva et al., 2003). The physiological argument supporting the use of small 
mammals as bioindicators of exposure to environmental pollutants is related to their small 
body size. Due to a high metabolic rate their degree of exposure may be expected to be 
  
21 
greater than in large mammals, which have a slower metabolic rate (reviewed by Ma and 
Talmage, 2001; Sheffield et al., 2001).  
Although absorption of some metals by inhalation is more efficient than from 
gastrointestinal tract absorption, oral exposure by ingestion of contaminated food items is the 
dominant source of metals for wild mammals (Hunter et al., 1987; Ma, 1989). However, the 
transfer of metals from the environment to terrestrial mammals depends of several abiotic and 
biotic factors, such as season (e.g. temperature, humidity and photoperiod), the species 
involved, its diets and age (Hunter et al., 1987; Lopes et al., 2002; Viegas-Crespo et al., 
2003).  
The wild small mammal species, Algerian mouse (Mus spretus Lataste, 1883) and the 
greater white-toothed shrew (Crocidura russula, Hermann 1780) were chosen in this study as 
metal pollution bioindicators. These species have been widely used as a bioindicators in some 
environmental studies performed in Portugal and Spain (Ruíz-Laguna et al., 2001; Nunes et 
al., 2001a, b; Lopes et al., 2002; Pereira et al., 2006; Sánchez-Chardi et al., 2007). 
Algerian mouse belongs to the family Muridae is a rodent species that inhabits the 
occidental portion of Mediterranean Europe and North Africa: Iberian Peninsula, south of 
France, and Maghreb since Morocco to Tunisia. They also occupy sub-humid and semi-arid 
habitats, typically Mediterranean, and have an herbivore diet composed with seeds, leaves, 
stalks and fruits (Mathias, 1999; Palomo and Gisbert, 2002). On the other hand, the greater 
white-toothed shrew from the family Crociduridae is an insectivore species widely distributed 
throughout south-western Europe (Ramalhinho et al., 1999). This species prefer open habitats 
and woods edges, with dense plant coverage at the ground level. They feed insects and their 
larvae (Palomo and Gisbert, 2002).  
These two species meet the criteria of good bioindicators, namely: (i) they are 
abundant and are easily caught; (ii) they contact with soil during their entire life cycle, being 
exposed to heavy metals mainly by ingestion of contaminated food or soil as well through 
dermal absorption; (iii) their populations are usually large enough to support individuals 
collection without a major adverse effect at a population level (National Research Council, 
1991); (iv) they also are quite accessible for both population investigation and experimental 
research. 
The potential risk of heavy metals accumulated in small mammals tissues to a toxic 
dose level can differ considerably between Rodents and Insectivores specimens inhabiting the 
same polluted area (Ma and Talmage, 2001). Small mammals may differ dramatically in 
tissues and body contents of a heavy metal in the absence of differences in external 
bioavailability mainly by dietary uptake and ingestion of contaminated sediments. 
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Insectivores are usually more exposed to metals and accumulate more of these elements than 
omnivores and herbivores, which is explained by their high metabolic rate, and position at the 
top of the food-chain (reviewed by Talmage and Walton, 1991; Ma and Talmage, 2001). 
These findings are relevant for ecotoxicological studies because the metals transferred from 
lower to higher trophic levels may enter the human food chain.  
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1.5. THESIS CONTEXT AND OBJECTIVES 
 
Abandoned metal mines may constitute a serious environmental problem in Portugal. 
Large volume of mine wastes occurs in the south of Portugal as a result of ore extracted from 
several metalliferous mining works. These mining wastes represent a potential threat to 
ecosystems and even human health considering the significant impacts on wide areas over 
long periods. In spite of this high risk, few studies have investigated in selected animal 
models the environmental impacts of long-term exposure to mining residues. The present 
Doctoral Thesis follows a previous project funded by Fundação para a Ciência e a Tecnologia 
(Ecotoxicological study in Guadiana aquatic and riparian communities, ref.: JNICT/DGA-
PEAM/P//NMA/666/95), in which I collaborated as a team member. This project aimed at 
evaluating the effects of metal pollution on different selected species (fish and small 
mammals) inhabiting an active tin-copper mine. The relevant results obtained in this previous 
study have reinforced the need of further studies in small mammals’ populations in their 
natural environment and also in experimental conditions. Moreover, and since the 
investigation was done in one of the last active mines in Portugal where several measures to 
mitigate the hazard impacts of pollution have been applied, these findings emphasized the 
necessity of conducted an ecotoxicological monitoring in abandoned mining areas where no 
environmental re-qualification plans were introduced. In this context, the present study was 
carried out in two abandoned mines (the Preguiça mine deactivated since 1964 and the 
Aljustrel mine deactivated since 1996), considered relevant models for investigating the 
environmental problems summarized above. 
The present Doctoral Thesis was undertaken under the Environmental Adaptation 
research group of the Centro de Biologia Ambiental in collaboration with several entities; the 
Departamento de Biologia Animal and the Centro de Química e Bioquímica (Faculdade de 
Ciências da Universidade de Lisboa), the Instituto Tecnológico e Nuclear, the Departamento 
de Biologia (Universidade de Évora), the Centro de Investigação Marinha e Ambiental 
(Universidade do Algarve), and the Departamento de Biologia Animal (Universidad 
Barcelona). This investigation was supported by two research projects, ‘Bioavailability of the 
lead to small mammals in a mine-contaminated area in Alentejo (south Portugal)’ (Ref.: 
POCTI/BSE/39917/2001) and ‘Environmental quality assessment in Mediterranean climate 
areas: the impact of deactivated mines on the environment’ (Ref.: CRUP, E-1505).  
Considering the limited information available on the environmental impact of 
abandoned mines, the main objective of the present Thesis was to evaluate, in the selected 
abandoned mining areas, the health state of two small mammal species (Crocidura russula 
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and Mus spretus), using different biological markers (morphological, histological, 
physiological, biochemical and genetic). By confronting field (in situ monitoring) and 
experimental approaches (ex situ monitoring), the environmental impact of abandoned mines 
in a perspective of wildlife conservation was appraised. 
 
In this manner, the specific objectives of this thesis were: 
 
i) In Situ Monitoring 
1- To determine the bioavailability of elements in the environment and in some target 
tissues of selected small mammal models: Crocidura russula (white-toothed shrew) and Mus 
spretus (Algerian mouse); 
2 – To investigate the potential toxic effects of abandoned mines on small mammals at 
several levels of organization (morphological, histological, physiological, biochemical and 
cytogenetical);  
3 – To appraise the adequacy of the biomarkers adopted in the assessment of the 
health condition of animals, under the context of metal contamination; 
4 – To identify the influence of several factors, such as season, age and sex, as a 
source of intrapopulational variation; 
5 – To verify the usefulness of the selected species as bioindicators of metal pollution; 
6 – To evaluate if the time since deactivation of a mine, the type of ore extracted and 
the duration of the exploitation period could influence the environmental conditions (e.g. soil 
and vegetation) and the impacts on animal populations; 
7 – To evaluate the potential environmental risk of abandoned mines upon wildlife as 
well as the likely impact on human populations. 
 
ii) Ex Situ Toxicity Tests 
1 – To understand the dose-response mechanisms responsible for the homeostasis of 
the molecular and physiological processes in the wild populations; 
2 – To evaluate the type of elemental interactions. 
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1.6. THESIS STRUCTURE 
 
In order to address the objectives here proposed, the thesis is organized in five 
chapters. Chapter 1 corresponds to the General Introduction and introduces background 
information supporting the thesis. The objectives and thesis structure are also described in this 
chapter. The results section includes chapters 2 and 3. Chapter 2 concerns the ‘In Situ 
Monitoring’ and includes five scientific articles where the main results of the thesis are 
included (Table 1). The first study (Paper I) assessed the role of C. russula as a model of 
heavy metal pollution in Preguiça mine by determining tissue metal contents and variations in 
haematological and biochemical parameters. The second study (Paper II) reported an analysis 
of the body burden of heavy metals in C. russula inhabiting the Aljustrel mine and also 
assessed morphological toxic effects in this species. Paper III analysed several biomarkers 
(haematological, enzymatic, genotoxic, and histological) in shrews inhabiting the abandoned 
Aljustrel mine. Moreover, the effect of age and sex was also assessed and correlations 
between metal bioaccumulation and biomarkers were determined in order to explain the 
variation found in the analysed parameters. In the fourth study (Paper IV), the elemental 
accumulation and the biological responses of M. spretus from Preguiça mine and Aljustrel 
mine were assessed on a seasonal basis by analysing several biomarkers (morphological, 
histological, haematological and enzymatic). Finally, in the fifth study (Paper V) the same 
species was used as a model to assess the metallothioneins related-induction in Aljustrel mine. 
The influence of factors such as season and sex was also considered and analysed.  
Chapter 3 focus on the Ex situ toxicity tests performed in experimental controlled 
conditions using wild M. spretus individuals, and includes two additional studies (Table 1). 
The first study (Paper I), deals with the assessment of morphophysiological, enzymatic, and 
cytogenetical effects resulting from lead acetate exposure for different periods of time. The 
second and last study (Paper II) investigated the potential DNA damage resulting of heavy 
metal exposure, namely of cadmium, lead and zinc. Metals were administrated individually or 
in different two-element combinations, to assess possible metal-metal interactions as well as 
their consequences, considering three cytogenetic end points: micronucleus test, sister 
chromatid exchanges and sperm abnormalities. Finally, in chapter 4, a General Discussion 
with an integrate overview of the results from Chapter 2 and 3 is presented, where a section of 
final remarks and suggestions for future research was also included. 
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Table 1. Scientific articles presented in this Doctoral Thesis. 
 Paper Authors Title Year Journal IF1 
       
I Marques, CC; Sánchez-
Chardi, A; Gabriel, SI; 
Nadal, J.;  Viegas-  
-Crespo, AM & Mathias, 
ML  
How does the greater white-  
-toothed shrew, Crocidura 
russula, responds to long-term 
heavy metal contamination? – 
A case study. 
2007 Science of the 
Total 
Environment, 
376: 128-133 
2.359 
      
II Sánchez-Chardi, A; 
Marques, CC; Nadal, J. 
& Mathias, ML 
Metal bioaccumulation in the 
greater white-toothed shrew, 
Crocidura russula, inhabiting 
an abandoned pyrite mine site. 
2007 Chemosphere, 
67: 121-130 
2.442 
      
III Sánchez-Chardi, A; 
Marques, CC; Gabriel, 
SI; Capela-Silva, F; 
Cabrita, AS; López-
Fuster, MJ; Nadal, J. & 
Mathias, ML 
Haematology, genotoxicity, 
enzymatic activity and 
histopathology as biomarkers of 
metal pollution in the shrew 
Crocidura russula. 
2008 Environmental 
Pollution (in 
press) 
 
2.769 
      
IV Marques, CC; Gabriel, 
SI; Mathias, ML; 
Pinheiro, T; Santos, MC; 
Capela-Silva, F; Cabrita, 
AS;  Rodrigues, PD & 
Viegas-Crespo, AM 
Environmental quality in metal 
abandoned mines: the use of 
several biomarkers in wild 
small mammals. 
- (in preparation) - 
      
 
 
 
 
 
 
 
 
 
 
 
In situ  
V Marques, CC; Gabriel, 
SI; Pinheiro, T; Viegas-  
-Crespo, AM; Mathias, 
ML & Bebianno, MJ 
Metallothionein levels in 
Algerian mice (Mus spretus) 
exposed to elemental pollution: 
An ecophysiological approach. 
2008 Chemosphere, 
71: 1340-1347 
2.442 
       
I Marques, CC; Nunes, 
AC; Pinheiro, T; Lopes, 
PA; Santos, MC; Viegas-  
-Crespo, AM; 
Ramalhinho, MG & 
Mathias, ML 
An assessment of time-
dependent effects of lead 
exposure in Algerian mice (M. 
spretus) using different 
methodological approaches. 
2006 Biological 
Trace Element 
Research, 109: 
75-89 
1.007 
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Heavy metals accumulation in parallel with the evaluation of physiological and biochemical effects resulting from continued
metal exposure were considered here using for the first time the great white-toothed shrew Crocidura russula as an in vivo model.
Shrews were originated from an abandoned lead/zinc mining area and from a reference area, both in Alentejo, southern Portugal.
Hepatic contents of nickel, copper, zinc, cadmium, mercury and lead were quantified by Inductively Coupled Plasma Mass
Spectrometer (ICP-MS). Haematological parameters (white blood cells, red blood cells, haemoglobin and haematocrit) were
obtained in a Coulter Counter Analyser and biochemical markers of the redox balance (glutathione S-transferase, glutathione
peroxidase, and glutathione reductase) activities were measured spectrophotometrically using a Duo-50 spectrophotometer.
Compared with control animals, significantly higher concentration of hepatic cadmium (9.29 vs. 1.18 μg/g dry weight) and nickel
(1.56 vs. 0.343 μg/g dry weight) were detected in the shrews collected in the mining area. However, no significant changes were
observed on haematological or enzymatic parameters in animals exposed to metal pollution. The obtained results show that shrews
are good bioaccumulators of toxic heavy metals, but very tolerant to their effects, revealing an interesting long-term adaptation to
polluted environments. In addition, this study provides reference values for haematological parameters and antioxidant enzymes
levels in C. russula, which may be relevant for comparative purposes in further studies.
© 2007 Elsevier B.V. All rights reserved.Keywords: Crocidura russula; Abandoned mining area; Heavy metals; Haematological parameters; Antioxidant enzymes1. Introduction
Mining wastes remaining after the extraction of target
metals are referred as important sources of environmen-
tal contamination, reaching in some cases levels that
might become toxic to wildlife and an environmental risk
to human health. Portugal has a legacy of about 85 old⁎ Corresponding author. Tel.: +351 217500000; fax: +351 217500028.
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45mines deactivated for economical reasons. Most of these
mines were deactivated without any previous environ-
mental recovery plan. As a consequence, tones of metal
residues are still circulating in their surroundings (Santos
Oliveira et al., 2002). Preguiça, a lead/zinc mine located
in Alentejo, southern Portugal was deactivated 40 years
ago, being a fine illustration of this reality. Over the last
decades, the area once occupied by the mine has been
covered by vegetation, hiding all the tailings and scoria
produced and accumulated in the soil.
Table 1
Soil elemental composition in the Preguiça area [Adapted from the
Vairinho and Fonseca (1989)]
Elements Preguiça area
Ni (mg/kg) 27
Cu (mg/kg) 194
Zn (%) 0.74
Cd (mg/kg) 40
Pb (%) 0.19
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accumulate superior amounts of heavy metals in their
tissues, suggesting their major role as biomonitors (e.g.
Talmage and Walton, 1991; Ma et al., 1991; Ma, 1996;
Pankakoski et al., 1993, 1994; Komarnicki, 2000; Ma
and Talmage, 2001). The potential interest of ground-
living insectivores as in situ models, such as shrews, is
explained by their widespread occurrence; limited home
range; small body size; high metabolic rate; and inver-
tebrate-based diet, especially because invertebrates are
known to accumulate high levels of metals (Hunter and
Johnson, 1982; Scanlon, 1987; Ma et al., 1991; Shore,
1995). In the present study, the greater white-toothed
shrew,Crocidura russula, a widely distributed species in
western and southern Europe, including Portugal (ICN/
CBA, 1999), is tested as a model of environmental long-
term mining contamination.
Ecotoxicological surveys usually focus on bioaccu-
mulation but rarely determine biological effects of long-
term exposure to mining residues. So, only a few studies
report morphological, biochemical, haematological, or
genetic alterations for metal-exposed insectivores (e.g.
Ma, 1989; Dodds-Smith et al., 1992; Hendricks et al.,
1995) or other small mammals (Nunes et al., 2001;
Viegas-Crespo et al., 2003). In this study, in addition to
hepatic heavy metal accumulation, haematological and
biochemical effects are investigated in C. russula inhab-
iting an abandoned mine area. Haematological values
(white and red blood cells, haemoglobin and haemato-
crit) can be indicative of the physiological status of
wild animals (Marques et al., 2006). Biochemical
parameters, such as antioxidant enzyme activities
(glutathione S-transferase, glutathione peroxidase and
glutathione reductase) are often used as markers of
oxidative stress, considering the active role they play in
the detoxification of deleterious compounds produced
by several metals and other environmental pollutants
(Cnubben et al., 2001).
The obtained results will also allow i) to assess the
role of the white-toothed shrew as a bioindicator of
heavy metal pollution, ii) to determine haematological
and biochemical reference values for this species and at
last iii) to confirm the potential environmental risk of
abandoned mines.
2. Materials and methods
2.1. Study areas
This study was carried out in a riparian area in the
surroundings of an old lead/zinc mine (Preguiça mine),
located in Alentejo, southern Portugal (38°02′15″N;4607°17′01″W). This mining area is included in the
Iberian Magnetitic–Zinciferous Belt, characterized by
the presence of lead and zinc oxides in soils, as well as
several other metals, present in trace amounts (Vairinho
and Fonseca, 1989) (Table 1). The climate in this region
is characterized by hot dry summers and mild winters.
The average annual temperature and precipitation are
approximately 17 °C and 600 mm, respectively. The
vegetation of this riparian area is dominated by trees and
shrub species (Quercus rotundifolia, Cistus ladanifer,
Rubus ulmifolius and Nerium oleander). Herbaceous
species (Echium plantagineum, Bromus rigidus, Vulpia
myunos and Phleum phleoides) were also present.
For comparative purposes, an area without known
exogenous sources of heavy metals and located 30 Km
northwest from Preguiça mine (38°11′18″N; 07°24′34″
W) was chosen as reference. Both sites have similar
climate, vegetation and relief.
2.2. Animal and tissue collections
A total of 33 adultC. russula (reference area: 9 males,
8 females; Preguiça area: 7 males, 9 females) were live-
trapped using Longworth® and Sherman® traps baited
with a mixture of sardine, oil and wheat flour. The
captures were performed in 3-night trapping sessions,
using 150 traps along 800 m transects.
Animals were collected, sexed,weighed (to the nearest
±0.1 g) and transported to the laboratory. Blood samples
were collected by cardiac punction using heparinized
syringes. Liver was promptly removed, weighed and
separated in two fractions, one for the immediate deter-
mination of antioxidant enzyme activities, while the other
was stored at −20 °C for later quantification of heavy
metal contents. All methodologies were conducted in
strict accordance with the directive 86/609/EEC on the
protection of laboratory animals.
2.3. Metal analyses
Liver fractions were dried (60 °C) till constant weight
(dry weight: dw). For each specimen, 80 to 100 μg of
Table 2
Hepatic concentrations (μg/g dw) of heavy metals in C. russula in
study areas
Metals Reference area Preguiça area
(n=17) (n=16)
Median Range Median Range
Ni 0.34 0.02–4.95 1.30⁎ 0.05–3.76
Cu 20.3 15.0–46.6 17.7 11.0–33.6
Zn 145 100–243 130 92–222
Cd 1.18 0.04–12.50 9.28⁎⁎ 0.22–49.60
Hg 0.100 n.d.–0.420 0.240 n.d.–0.490
Pb 0.93 0.07–1.63 1.17 0.13–3.01
(⁎) (⁎⁎) Significantly different from the reference area (Mann–
Whitney's U-test).
⁎ pb0.05, ⁎⁎ pb0.01.
n: number of animals.
n.d.: not detectable.
Table 3
Haematological parameters in C. russula in study areas
Haematology Reference area Preguiça area
(n=17) (n=16)
Median Range Median Range
WBC (× 103 mm−3) 3.30 a 0.60–9.10 4.80 b 1.20–6.80
RBC (× 106 mm−3) 6.64 2.20–10.30 8.13 4.85–10.60
HGB (g/dl) 13.2 a 9.5–15.6 14.0 10.1–16.8
HCT (%) 29.3 8.7–42.3 35.7 21.7–46.5
WBC, white blood cells; RBC, red blood cells; HGB, haemoglobin;
HCT, haematocrit.
n: number of animals.
a n=16.
b n=15.
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with 2.0 ml 70% nitric acid (Baker Instra Analysed) and
1.0 ml 30% hydrogen peroxide (Baker Instra Analysed).
Nickel (Ni), copper (Cu), zinc (Zn), cadmium (Cd),
mercury (Hg) and lead (Pb) were quantified by a Perkin
Elmer ELAN-6000 Inductively Coupled Plasma Mass
Spectrometer (ICP-MS). Two replicate subsamples and
a standard reference material (Bovine Liver SRM-
1577a) certified by the National Bureau of Standards
(NBS) were included in the analyses. The mean values
from twenty-six blanks were subtracted from each
sample. Method detection limits (in ppb) were 0.20 for
nickel, 0.10 for copper, 0.50 for zinc, 0.05 for cadmium,
0.20 for mercury, and 0.05 for lead.
2.4. Haematological and enzyme analyses
A Coulter Counter Analyser (Beckman Coulter,
USA) was used to determine blood parameters: white
blood cell count (WBC, ×103 mm−3), red blood cell
count (RBC, ×106 mm−3), haemoglobin concentration
(HGB, g dl−1) and haematocrit (HCT, %).
For enzymatic determinations, liver was rinsed in an
ice-cold 0.154 mm KCl solution, for immediate deter-
mination of glutathione S-transferase (GST), selenium
dependent glutathione peroxidase (Se-GPx) and gluta-
thione reductase (GR) activities. Liver homogenates
(1:10 w/v) were prepared with approximately 0.3 g of
fresh liver and ice-cold 0.25 M potassium phosphate
buffer (pH=7.0), using a Potter–Helvehjem homoge-
nizer (B. BraunMelsungen, Germany), and immediately
centrifuged at 1000 g for 15 min at 4 °C. Then the
supernatant was collected and further diluted with
0.25 M potassium phosphate buffer, according to each47enzyme's specific protocol. Enzyme activities were
measured spectrophotometrically using a Duo-50 spec-
trophotometer (Beckman Instruments, USA). Assays
were performed in triplicate and average values were
calculated.
GSTactivity was determined according to the method
of Habig et al. (1974), by following the change in the
absorbance of the substrate 1-cloro-2,4-dinitrobenzene
(CDNB), conjugated with GSH, at 340 nm and ex-
pressed as μmol of product/min/mg protein. Se-GPx
activity was determined according to the method devel-
oped by Paglia and Valentine (1967) and expressed as
μmol NADPH oxidized/min/mg protein. GR activity
was determined using the method described by Carlberg
and Mannervik (1985) and expressed as μmol NADPH
oxidized/min/mg protein. Total protein contents were
determined in triplicate according to the biuret method
(Gornall et al., 1949) in liver homogenates using Bovine
Serum Albumin (Sigma, Spain) as standard.
2.5. Statistical analyses
Statistical analyses were performed by SPSS 11.0 for
Windows (SPSS Inc., 1999). Most variables did not ex-
hibit normal distribution and/or variances homogeneity,
so all variables were compared using Mann–Whitney's
U-test. Results are shown as median and range values
(Minimum–Maximum). Differences were considered
statistically significant at pb0.05.
3. Results
3.1. Metal concentrations
Significantly higher concentrations of cadmium and
nickel were detected in shrews collected in the mining
area comparing with the reference area (pb0.05 and
Table 4
Enzymes activities (μmol/min/mg protein) in the liver of C. russula in
study areas
Enzymes Reference area Preguiça area
(n=17) (n=16)
Median Range Median Range
GST 0.93 0.53–1.49 1.18 0.62–1.98
Se-GPx 0.168 a 0.095–0.184 0.128 b 0.095–0.186
GR 0.067 0.052–0.082 0.067 c 0.041–0.098
GST — Glutathione S-transferase; Se-GPx — Selenium-dependent
glutathione peroxidase; GR — Glutathione reductase.
n: number of animals.
a n=10.
b n=11.
c n=15.
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values of other metals (copper, zinc, mercury and lead),
no statistically differences were observed between study
areas. Additionally, for most metals, hepatic levels re-
vealed a wider range in Preguiça when compared with
the unpolluted area (Table 2).
3.2. Haematological parameters and enzyme activities
No statistical differences between study areas were
reported for any haematological parameter (Table 3),
although median values were always higher in shrews
from Preguiça.
Hepatic activities of GST, Se-GPx and GR were
unaltered in C. russula from the mining area, although
GST activity revealed a higher median and larger dis-
persion of values, when compared with reference area
(Table 4).
4. Discussion
This study was designed to evaluate, for the first time,
the role of C. russula as a bioindicator of environmental
pollution in an abandoned mining area.
Results showed that in reference shrews, metal levels
were similar or lower than those obtained in other in-
sectivores species from unpolluted sites (revision in
Talmage and Walton, 1991, Pankakoski et al., 1993,
1994;Mertens et al., 2001). On the contrary, shrews from
Preguiça mine, revealed significantly high concentra-
tions of hepatic cadmium and nickel. Cadmium is a non-
essential metal that usually accompanies most ores of
lead and zinc. Mainly due to anthropogenic activities,
this metal has been widely distributed throughout the
food chains (Hunter and Johnson, 1982; Andrews et al.,
1984; Torres and Johnson, 2001). Considered highly48toxic to mammals (e.g. Talmage and Walton, 1991),
laboratory studies have shown that cadmium exposure
induces hepatic necrosis, and also oxidative stress, which
might contribute to its hazardous toxicity and carcino-
genicity (Karmakar and Chatterjee, 1998). Shrews
inhabiting the mining area showed, on average, a 7-
fold cadmium increased compared with the low accu-
mulation detected in shrews collected in the reference
area (9.29 and 1.18 μg/g dw, respectively). This result
points towards a contamination through direct ingestion
of soil particles and/or via transfer through the food web
(Torres and Johnson, 2001). In liver, ingested cadmium
forms very stable complexes with sulfhydryl rich pro-
tein, metallothionein, which have a biological half-life of
several years (Scheuhammer, 1991; Wlostowski et al.,
2000, 2003). These complexes protect host tissues from
cadmium damage (Goering and Klaassen, 1983; Klaas-
sen et al., 1999). Generally, in mammals, the critical
hepatic cadmium concentration is considered to be 20.0–
30.0 μg/g dw (Nogawa et al., 1986), whereas hepatic and
renal lesions have been reported in common shrew Sorex
araneuswith cadmium concentrations over 253 μg/g dw
(Ma and Talmage, 2001). In Preguiça mine 31% of the
individuals of C. russula showed cadmium concentra-
tions in liver above the critical level reported by Nogawa
et al. (1986).
In contrast to cadmium, information about nickel's
hepatic concentration in biota is scarce and inconclusive,
particularly for shrews. Previous nickel levels reported in
polluted areas by Pankakoski et al. (1993, 1994) in
common shrew (0.00–0.64 μg/g dw), pygmy shrew
Sorex minutus (3.39 μg/g dw), and mole Talpa europaea
(0.13–0.25 μg/g dw) are consistent with our data. Nickel
is a ubiquitous element easily transferred throughout the
food chain (Torres and Johnson, 2001; Punshon et al.,
2003), although some studies reported a low increase or
even a decrease of this metal in small mammals inhab-
iting nickel contaminated areas (Cloutier et al., 1986;
Fendick et al., 1989; Talmage and Walton, 1991;
Punshon et al., 2003). Nickel is known to be carcinogen,
teratogenic, genotoxic and hepatotoxic (Pandey and
Srivastava, 2000; Punshon et al., 2003), and concern
should be taken on the accumulation of this element in
the body (Kasprzak et al., 2003). Although, data on
critical nickel residues in whole body and target organs
associated with acute or chronic effects for terrestrial
wildlife are lacking (Torres and Johnson, 2001).
No significant differences were observed for the other
elements between study areas. However, shrews from
Preguiça showed hepatic levels of mercury and lead
slightly higher when compared with the reference
shrews. This tendency might indicate either present-
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and/or its non-homogeneous distribution (Torres and
Johnson, 2001). Lead and mercury levels detected in C.
russula from Preguiça mine are far below those associate
with liver pathologies or metal pollution in wild mam-
mals, considered to be 5–10 μg/g dw for lead (Ma, 1996)
and 1.1 μg/g wet weight for mercury (Eisler, 1987).
It is well known that soils from lead/zinc mines con-
tain high amounts of copper and zinc (Andrews et al.,
1984; Santos Oliveira et al., 2002), but the bioaccumula-
tion of these two elements was not verified in C. russula.
As previously reported, the uptake of copper and zinc is
correlated with their amount in the gastrointestinal tract
(Torres and Johnson, 2001). Nevertheless, their absorp-
tion is generally regulated by an effective homeostatic
mechanism (e.g. induction of metallothionein) and does
not correlate with soil contents (Talmage and Walton,
1991; Mertens et al., 2001; Milton et al., 2003).
In this study, the physiological and biochemical re-
sponses to long-termmetal contamination appeared to be
negligible, suggesting that the potential deleterious
effects of metal contamination are compensated by ad-
ditional detoxification pathways. In vertebrates, metal
binding metallothioneins are thought to be one of the
major routes for metal detoxification. Besides, exposure
to increased levels of metals over many generations may
impose a selective pressure on C. russula populations,
resulting in a selection ofmoremetal-tolerant individuals
that adapt to low quality environments (Holloman et al.,
2000; Viegas-Crespo et al., 2003).
Despite no significant differences were found in the
contaminated area, the collected shrews show a greater
data dispersion both on haematological values and bio-
chemical parameters. These results suggest an individual
response of shrews inhabiting a low quality environ-
ment, as earlier reported in Algerian mice (Nunes et al.,
2001; Viegas-Crespo et al., 2003). Furthermore, it is
assumed that studied antioxidant enzymes, GST, Se-GPx
and GR, play an important role in the detoxification of
oxidant compounds, including lipoperoxides, which can
be partly produced by metal pollutants. However, ac-
cording to Wlostowski et al. (2000), high concentrations
of cadmium in bank vole's diet, produced histophatolo-
gical changes in the liver andmetallothioneins induction,
but paradoxically reduced the hepatic levels of lipoper-
oxides. The authors explain this result based on the
observed decreased of hepatic levels of iron and copper
in voles. In fact, these elements are essential compo-
nents of several proteins and enzymes involved in the
mithocondrial respiratory chain, possibly leading to
some disturbances in the ATP production (the main
endogenous source of free radicals) and consequently to49lipid peroxidation. So, a similar response may explain
the non-significant changes in antioxidant enzyme activ-
ities in cadmium contaminated shrews from the Preguiça
mining area.
5. Conclusions
The results of the present study have illustrated the
relevance of C. russula as a bioindicator species in
environmental quality assessment. Besides, abandoned
mines, such as Preguiça mine, may constitute unpredict-
able long-term sources of heavy metal contamination.
Considering the position of shrews in food webs, we can
speculate about the accumulation of heavy metals in
higher trophic levels and assume an important biomag-
nification scenario of potentially toxic elements. So, it
cannot be disregarded the potential health risk of old
mines, even for humans, and the need of controlling their
negative environmental impact.
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Available online 14 November 2006Abstract
Hepatic and renal concentrations of iron, magnesium, zinc, lead, copper, manganese, mercury, cadmium, molybdenum, chromium,
and nickel were quantiﬁed in shrews (Crocidura russula) inhabiting a pyrite mine site in Portugal. Several morphological parameters
(body weight, residual index, and relative weights) were also examined to clarify the physiological eﬀects of pollution. Shrews from
the mine showed increased bioavailability of Fe, Pb, Hg, Cd, Mo, and Ni in comparison with reference specimens. Adult shrews had
the highest Cd levels while Cr and Ni concentrations diminished. Intersexual diﬀerences were found for Mo and Ni. As a consequence
of metal pollution, the relative hepatic weight was higher in shrews from the mine site when compared with reference specimens. These
data indicate that C. russula is a good bioindicator of metal pollution. We also evaluated the toxic eﬀects of Pb, Hg, Cd, and Ni, because
several shrews from the polluted site showed high concentrations of these metals. To approximate at the real biological impact of aban-
doned mines, after this ﬁrst step it is necessary to associate the bioaccumulation levels and morphological eﬀects with other physiological,
ecological and genetical biomarkers.
 2006 Elsevier Ltd. All rights reserved.
Keywords: Crocidura russula; Heavy metals; Liver; Kidneys; Pyrite mine; Portugal1. Introduction
Heavy metals are common environmental pollutants
that have increased their concentration and bioavailability
by biota because of industrial activities such as mining. In
fact, between 1930 and 1985 the mine production of Mg,
Zn, Pb, Cu, Mn, Hg, Cd, Cr, and Ni alone increased 7-,
4-, 2-, 5-, 8-, 2-, 15-, 18-, and 35-fold respectively, with
the subsequent release of these potentially toxic elements
into the environment (Nriagu, 1988). Mines are closed
down when they become economically non-viable and usu-
ally become a large and uncontrolled source of metal pol-0045-6535/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.chemosphere.2006.09.009
* Corresponding author. Tel.: +34 934021456; fax: +34 934034426.
E-mail address: a.sanchez.chardi@ub.edu (A. Sa´nchez-Chardi).
53lution. In the case of pyrite deposits, natural weathering
interaction generates large amounts of eﬄuents named
‘‘acid mine drainage’’ (AMD), characterized by the pres-
ence of toxic metals such as Zn, Pb, Cu, Mn, Cd, Mo,
Cr, and Ni in low pH solution (Quevauviller et al., 1989;
Santos Oliveira et al., 2002). These chemical conditions
often increase the bioavailability of metals at potentially
toxic levels (Scheuhammer, 1991; Lacal et al., 2003) and,
consequently, the environmental risk of these deposits
remain long after mines have been abandoned.
Several studies have reported the bioaccumulation of
heavy metals in tissues of terrestrial small mammals inhab-
iting abandoned mines, mainly in rodent than in insectivo-
rous species probably because mice and voles are, in
general, more abundant and rapidly trapped than shrews.
When comparing sympatric small mammal species,
122 A. Sa´nchez-Chardi et al. / Chemosphere 67 (2007) 121–130carnivores showed greater bioaccumulation than omni-
vores and herbivores, which is explained by their high met-
abolic rate, high food consumption rate, and position at
the top of the food-chain (Andrews et al., 1984; Hunter
et al., 1989; Shore, 1995; Ma and Talmage, 2001). In fact,
a range of species of Talpidae and Soricine has been dem-
onstrated as good bioindicators of metal pollution (e.g.
Talmage and Walton, 1991; Pankakoski et al., 1994;
Komarnicki, 2000). However, Crocidurine species have
rarely been used as models in ecotoxicological studies on
metal accumulation (Topashka-Ancheva and Metcheva,
1999; Sa´nchez-Chardi et al., 2007). The greater white-
toothed shrew, Crocidura russula (Mammalia, Insectivora),
inhabits the south-western Europe and is the most abun-
dant and widely distributed shrew in the Iberian Peninsula.
Larger variation in the concentration of metals in the
same population may be explained mostly by biotic and
abiotic parameters. In fact, bioaccumulation patterns are
dependent on age and sex, as well as physiological status
and diet, which are subjected to seasonal diﬀerences (e.g.
Cloutier et al., 1986; Lopes et al., 2002). However, few
studies have addressed the variation in metal concentra-
tions produced by these three parameters in insectivore
populations (Smith and Rongstad, 1982; Komarnicki,
2000; Ma and Talmage, 2001).
In addition to the bioaccumulation levels, it is necessary
to assess the physiological eﬀects of chronic exposure to
metals in order to evaluate the impact of pollution in ‘‘real
world’’ conditions. Information on these eﬀects can be par-
tially attained by morphological parameters based on
weight and/or length of animals. In fact, poisoning by
some metals may result in a decrease in total body weight
or an increase in relative organ weight, which may be indic-
ative of histopathological alterations (e.g. Ma and Tal-
mage, 2001). The wide range of responses shown by
small mammals to heavy metal pollution suggests that nat-
ural populations are very tolerant, adapt to low quality
environments and that only high metal exposure alter these
morphological parameters (Ma, 1989; Stansley and Ros-
coe, 1996; Ma and Talmage, 2001).Iberian 
Peninsula
Fig. 1. Localization of the study
54Here we: (i) quantiﬁed the heavy metal concentrations in
C. russula inhabiting an area near a pyrite mine, (ii) exam-
ined the seasonal, sexual, and age-bioaccumulation pat-
terns in this species, and (iii) assessed the toxic eﬀects of
these abandoned mines on small mammals.
2. Materials and methods
In the Baixo Alentejo region (Southern Portugal) several
mines have been closed down because of economic reasons
and with no previous planning for environmental recovery.
Located in the Iberian Pyrite Belt, the open pit and under-
ground mine of Aljustrel was worked from 1867 to 1996.
From 1900 to 1991 about 16000000 t of metals were
mined, out of which 1150000 t from 1991 to 1996, includ-
ing Fe = 1000 t, Cu = 6300 t, Zn = 27500 t, and Pb =
4400 t (Instituto Geolo´gico e Mineiro, SIORMINP, inter-
nal report). The polluted site of Aljustrel mine chosen for
this study (3753 00800N; 0808 03200W) is aﬀected by the
AMD from the pyrite mine. A second area (Moura) where
no sources of heavy metals have been reported was used as
a reference. The Moura site is located 69 km northeast
from Aljustrel mine (3811 01300N; 0724 03400W) (Fig. 1).
In spring and autumn 2003, a total of 54 greater white-
toothed shrews were collected in the polluted (n = 32) and
in the reference (n = 22) site. Shrews were live-trapped and
transported to the laboratory, where they were lightly
anaesthetized and killed by cervical dislocation. The body
weight (BW) to the nearest 0.0001 g and body length
(BL) to the nearest 0.01 mm of all shrews were measured.
The liver, kidneys and spleen were removed and weighted.
The residual index (RI) indicating body condition index
was calculated following Jakob et al. (1996) as a regression
of BL and BW. The liver:body, kidneys:body and spleen:
body weight ratios were calculated as a percent ratio of
somatic tissue (100· tissue wet weight/body wet weight).
Sex was determined during dissection. For statistical anal-
yses, animals were distributed into two relative age-classes
(juveniles; adults) according to the degree of tooth wear
(Vesmanis and Vesmanis, 1979).Reference site (Moura)
Mine site (Aljustrel) 
areas in south of Portugal.
Table 2
Mean ± SEM of morphological parameters in shrews from the reference
and mine site
Reference site (n = 17) Mine site (n = 18)
BW (g) 7.48 ± 0.99 7.20 ± 0.94
BL (mm) 70.60 ± 3.59 68.84 ± 5.49
RI 0.215 ± 4.187 0.266 ± 0.899
Liver (mg g1 WW) 0.418 ± 0.088 0.456 ± 0.107
% Liver 5.56 ± 0.16 6.27 ± 0.22*
Kidneys (mg g1 WW) 0.125 ± 0.018 0.119 ± 0.016
% Kidneys 1.68 ± 0.03 1.66 ± 0.04
Spleen (mg g1 WW) 0.030 ± 0.008 0.031 ± 0.014
% Spleen 0.41 ± 0.03 0.44 ± 0.43
* p = 0.016.
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rinsed. The liver and the right kidney from all shrews were
acid digested in Teﬂon vessels following the methodology
described in Sa´nchez-Chardi et al. (2007). Mg concentra-
tion was determined by a Perkin–Elmer OPTIMA-
3200RL Inductively Coupled Plasma Optical Spectrometer
(ICP-OES), while Pb, Hg, Cd, Cu, Zn, Mn, Mo, Cr and Ni
were measured by a Perkin–Elmer ELAN-6000 Inductively
Coupled Plasma Mass Spectrometer (ICP-MS). Two repli-
cate subsamples and a standard reference material (Bovine
Liver SRM-1577a) certiﬁed by the National Bureau of
Standards (NBS) were included in the analyses. To obtain
the concentration of elements, the mean values from 20
blanks were subtracted from each sample. The results of
the metal analyses are presented as mean ± standard error
(SEM) in lg g1 on dry weight (DW) basis.
Data were log transformed and tested for normal distri-
bution (Shapiro–Wilk test) and for homogeneity of vari-
ance (Levene, F-test). From each tissue, an overall
measure of the eﬀect of season, sex, age, and site was
obtained by four-way multivariate analysis of variance
(MANOVA). Seasonal, sexual and age variation for each
site and tissue were calculated by Student’s t-tests (t). The
divergences in RI, relative somatic ratios, site, and tissue
were also calculated by Student’s t-tests. Pearson’s correla-
tion coeﬃcients (r) were calculated in liver and kidneys, in
order to establish the relations between elements in the pol-
luted site. Signiﬁcant diﬀerences were accepted at p < 0.05.
For all sequential tests, p-values were corrected by the Bon-
ferroni adjustment (Rice, 1989). All statistical procedures
were performed with SPSS (version 11.5 for Windows,
SPSS Inc.).3. Results
Metal concentrations in all the samples analysed were
above the detection threshold for all individuals (in
lg kg1, Fe: 10; Mg: 50; Zn: 0.50; Pb: 0.05; Cu: 0.10;
Mn: 0.10; Hg: 0.20; Cd: 0.05; Mo: 0.05; Cr: 0.50; Ni:
0.20). In both sites, a large percentage of shrews caught
in spring were juveniles, whereas adults were more abun-Table 1
Number of animals captured in the reference and mine site by season and
age
Site Season Age Total
Juveniles Adults
Moura Spring 14 6 20
(8,6) (3,3) (11,9)
Autumn 3 9 12
(2,1) (2,7) (4,8)
Mine site Spring 7 3 10
(2,5) (2,1) (4,6)
Autumn 1 11 12
(0,1) (6,5) (6,6)
In brackets: males, females.
55dant in autumn. A similar number of males and females
were captured in the two sites (Table 1).
All morphologic parameters were calculated on wet
weight (WW) basis. In comparison with specimens from
the reference site, the shrews from the polluted site showed
a signiﬁcant increase in the hepatic ratio (t = 2.529;
p = 0.016). No diﬀerences were detected between sites for
the remaining morphological parameters (Table 2).
MANOVA for all data showed that the importance of
parameters in liver was: site (F = 8.600; p < 0.001) > season
(F = 5.715; p < 0.001) > age (F = 3.614; p = 0.003) > sex
(F = 2.451; p = 0.027), and all factors were statistically sig-
niﬁcant. In kidneys, season (F = 8.619; p < 0.001), site
(F = 6.657; p < 0.001) and age (F = 3.449; p = 0.004) were
the main parameters inﬂuencing metal bioaccumulation,
and sex (F = 2.247; p = 0.041) keeping as the less impor-
tant in variance.
The accumulation pattern of metals by tissues was sim-
ilar in the two sites. The liver was the main target organ for
Fe, Zn, Cu, Mn, and Mo, whereas the kidneys bioaccumu-
late the highest concentrations of Hg, Cd and Ni. Cr has
similar concentrations in these two organs analysed. More-
over, in the polluted area Mg and Pb were signiﬁcantly
higher in liver when compared with kidneys (Table 3). Cop-
per and chromium showed no signiﬁcant diﬀerences
between tissues in either study sites.
The shrews from Aljustrel mine showed signiﬁcantly
high levels of Pb, Hg, and Ni in hepatic and renal tissuesTable 3
Results of the Student’s t-tests for variation in metal concentrations
according to tissue, for each site
Reference site Mine site
t p t p
Fe 8.918 <0.001 15.391 <0.001
Mg – – 3.786 <0.001
Zn 4.183 <0.001 3.434 <0.001
Pb – – 7.382 <0.001
Mn 13.226 <0.001 9.401 <0.001
Hg 6.009 <0.001 5.541 <0.001
Cd 4.386 <0.001 – –
Mo 7.208 <0.001 9.851 <0.001
Ni – – 8.210 <0.001
Table 4
Mean ± SEM values for metals in C. russula by tissue and site (in lg g1 DW)
Liver Kidneys
Reference site (n = 22) Mine site (n = 31) t p Reference site (n = 21) Mine site (n = 32) t p
Fe 1257.36 ± 160.03 2958.45 ± 395.21 5.054 <0.001 323.01 ± 22.99 381.02 ± 30.52 – –
Mg 899.81 ± 27.51 987.32 ± 83.84 – – 803.33 ± 45.56 746.87 ± 32.09 – –
Zn 145.23 ± 7.27 167.26 ± 19.18 – – 107.07 ± 7.97 109.46 ± 8.96 – –
Pb 0.77 ± 0.09 5.26 ± 0.75 7.733 <0.001 0.70 ± 0.05 1.19 ± 0.21 – –
Cu 23.83 ± 10.31 28.31 ± 16.17 – – 20.82 ± 6.23 19.67 ± 2.69 – –
Mn 17.56 ± 0.74 17.26 ± 1.42 – – 5.84 ± 0.46 5.69 ± 0.52 – –
Hg 0.26 ± 0.05 1.03 ± 0.26 5.004 <0.001 1.08 ± 0.16 2.70 ± 0.29 4.363 <0.001
Cd 2.27 ± 0.65 8.61 ± 1.47 4.428 <0.001 7.83 ± 2.06 18.17 ± 2.80 – –
Mo 3.38 ± 0.24 5.30 ± 0.52 3.252 0.002 1.73 ± 0.08 1.79 ± 0.10 – –
Cr 1.32 ± 0.11 1.12 ± 0.28 3.360 0.002 0.97 ± 0.12 0.86 ± 0.08 – –
Ni 0.67 ± 0.24 1.48 ± 0.17 4.114 <0.001 5.40 ± 1.80 15.28 ± 4.39 3.398 0.002
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were higher and Cr lower in shrews from the mine com-
pared with reference specimens. The hepatic and renal val-
ues of the other elements (Mg, Zn, Cu, and Mn) remained
statistically invariant between sites. These results indicate
that the liver was the tissue with most signiﬁcant diﬀerences
in metal bioaccumulation between sites.
The bioaccumulation of several elements in C. russula
tissues showed seasonal diﬀerences, and in some cases bio-
accumulation patterns varied between tissues and sites of
capture (see Table 5). In shrews from Aljustrel mine, liver
showed higher concentrations of Mg and Cu in spring in
comparison to autumn, whereas Pb and Ni increased in
autumn. In shrews from the reference site, hepatic tissue
showed signiﬁcantly high levels of Mg and Pb in spring,
whereas Hg decreased. Finally, chromium showed a signif-
icant decrease in autumn in the two sites and tissues stud-
ied. Similar pattern was revealed for manganese as a
tendency without signiﬁcant diﬀerences.
A clear pattern of age-dependent increase was detected
in Cd levels in C. russula. In contrast, a decrease with ageTable 5
Mean ± SEM values for metals in C. russula by site and season (in lg g1 DW
Reference site
Spring (n = 10) Autumn (n = 12) t p
Liver
Mg 991.82 ± 39.48 823.14 ± 20.28 4.031 0.001
Pb 1.07 ± 0.09 0.52 ± 0.10 3.466 0.002
Cu 25.51 ± 3.84 22.43 ± 2.54 – –
Mn 19.34 ± 1.04 16.08 ± 0.86 – –
Hg 0.05 ± 0.01 0.43 ± 0.05 6.932 <0.001
Cr 1.47 ± 0.11 1.19 ± 0.17 – –
Ni 0.72 ± 0.25 0.63 ± 0.40 – –
Kidneys
Mg 766.80 ± 15.70 830.72 ± 79.45 – –
Pb 0.78 ± 0.04 0.64 ± 0.07 – –
Cu 19.07 ± 0.27 22.13 ± 2.34 – –
Mn 6.34 ± 0.33 5.46 ± 0.77 – –
Hg 0.93 ± 0.05 1.19 ± 0.28 – –
Cr 1.45 ± 0.12 0.60 ± 0.08 5.407 <0.001
Ni 5.33 ± 1.79 5.45 ± 2.92 – –
56was observed for Cr and Ni. Moreover, Pb, Cu, and Hg
also showed signiﬁcant diﬀerences with age (Fig. 2). The
female shrews from the two sites showed higher mean
Mo and Ni concentrations in liver and kidneys than males.
In the shrews from Aljustrel these sexual diﬀerences were
signiﬁcant in liver for Mo in autumn (2.76 ± 1.43 vs
6.04 ± 1.09 lg g1; t = 2.876, p = 0.017) and in renal tis-
sue for Mo (1.34 ± 1.05 vs 1.90 ± 1.08 lg g1; t = 3.439,
p = 0.011) and Ni (0.34 ± 3.67 vs 7.40 ± 1.39 lg g1;
t = 2.555, p = 0.038) in autumn control shrews. No sex-
dependent variation was detected in the concentrations of
the other metals at the two sites.
Signiﬁcant correlations between metal bioaccumulation
in shrews caught in Aljustrel shown in Table 6.
4. Discussion
Studies on environmental pollution produced by mining
activities in Portugal have reported metal increases in sed-
iments, waters, plants, ﬁsh and mammals (Quevauviller
et al., 1989; Nunes et al., 2001a,b; Lopes et al., 2001,)
Mine site
Spring (n = 19) Autumn (n = 12) t p
1118.18 ± 128.75 780.14 ± 14.63 3.359 0.002
4.24 ± 0.95 6.88 ± 1.12 – –
33.66 ± 3.81 19.83 ± 3.35 2.290 0.007
19.31 ± 2.12 14.01 ± 1.05 – –
1.32 ± 0.41 0.58 ± 0.78 – –
1.65 ± 0.41 0.29 ± 0.09 3.189 0.003
0.95 ± 0.15 2.32 ± 0.19 5.646 <0.001
697.43 ± 12.94 829.26 ± 79.19 – –
1.38 ± 0.33 0.88 ± 0.13 – –
19.50 ± 0.38 19.96 ± 1.13 – –
6.23 ± 0.61 4.78 ± 0.93 – –
2.71 ± 0.39 2.68 ± 0.45 – –
1.16 ± 0.054 0.36 ± 0.08 8.959 <0.001
18.13 ± 6.96 10.55 ± 1.45 – –
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Fig. 2. Mean ± SEM values for metals (Pb, Cu, Hg, Cd, Cr, and Ni) in C. russula by tissue, site and age (in lg g1 DW) (*p 6 0.05; **p 6 0.01;
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ﬁndings indicate that mines are an important source of
metal pollution in this country. The pyrite mine of Aljustrel
is located in the Iberian Pyrite Belt, a metalogenic province
that crosses the Southeast of the Iberian Peninsula, which
includes the mines of St. Domingos (Portugal) and
Aznalco´llar (Spain), two sites known for environmental
contaminants. The bioaccumulation and eﬀects of toxic
metals has been reported in rodents captured in St. Domin-
gos (Pereira et al., 2006), while the Aznalcollar mine spill of
4.5 millions cubic meters of mine sludge in 1998 aﬀecting
the protected area of Don˜ana. This ecological disaster57serves to highlight the great environmental risk of aban-
doned mines.
4.1. Metal bioaccumulation by site
The mine at Aljustrel releases large amounts of eﬄuents
loaded with potentially toxic metals into the environment
(Quevauviller et al., 1989; Santos Oliveira et al., 2002).
These metals may bioaccumulated and be biomagniﬁed
along the food-chain (Farag et al., 1998) long after mine
closure. The main increases of metal concentrations in
shrews from the mine site were observed for highly toxic
Table 6
Pearson coeﬃcients and p-values between elements in liver and kidneys of
the C. russula from the mine site
Liver Kidneys
r p r p
Cu/Mg 0.578 <0.001 Cu/Fe 0.619 <0.001
Cu/Zn 0.653 <0.001 Cu/Mg 0.818 <0.001
Cu/Mn 0.411 0.002 Cu/Zn 0.752 <0.001
Pb/Fe 0.665 <0.001 Cu/Mn 0.591 <0.001
Pb/Hg 0.373 0.006 Cu/Mo 0.385 0.004
Pb/Cd 0.374 0.006 Fe/Mg 0.484 <0.001
Pb/Mo 0.556 <0.001 Fe/Zn 0.407 0.003
Pb/Cr 0.498 <0.001 Fe/Mn 0.440 <0.001
Pb/Ni 0.523 <0.001 Mg/Zn 0.610 <0.001
Fe/Hg 0.500 <0.001 Mg/Mn 0.457 <0.001
Fe/Cd 0.429 <0.001 Mg/Mo 0.374 0.006
Fe/Mo 0.790 <0.001 Mn/Cd 0.470 <0.001
Fe/Cr 0.381 0.005 Mn/Mo 0.570 <0.001
Mg/Zn 0.694 <0.001 Mn/Cr 0.510 <0.001
Mg/Mn 0.712 <0.001 Hg/Cd 0.431 <0.001
Mg/Mo 0.384 0.005 Cd/Mo 0.493 <0.001
Zn/Mg 0.694 <0.001 Mo/Cr 0.380 0.005
Zn/Mn 0.499 <0.001
Mn/Mo 0.523 <0.001
Mn/Cr 0.395 0.003
Hg/Cd 0.525 <0.001
Hg/Mo 0.507 <0.001
Cd/Mo 0.590 <0.001
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essential elements (Fe and Mo). Nickel, an ubiquitous ele-
ment that essentiality in mammals is discussed (e.g. Tal-
mage and Walton, 1991; Eisler, 1998) and known to be
carcinogen, teratogenic, genotoxic and hepatotoxic both
to humans and animals (e.g. Kasprzak et al., 2003; Puns-
hon et al., 2003), also increased in these shrews. Essential
and non-essential metals displayed contrasting behaviour
in their food-chain mobility within soil, plants, inverte-
brates, and shrews. Non-essential metals are associated
with metal ores, pollute soils and waters, may be mobilized
by several biological and chemical mechanisms and are
highly transferred from soils and AMD across food-chains,
and therefore bioaccumulated in small mammals (e.g.
Johnson et al., 1978; Ma and Talmage, 2001; Lacal et al.,
2003; Milton et al., 2004). Contaminated preys and soil
ingest are the main routes of metal intake in mammals
(Talmage and Walton, 1991; Stansley and Roscoe, 1996)
and shrews ingest soil-residing organisms with relatively
high bioaccumulation factors such as earthworms. The
increase in Pb, Hg, Cd, and Ni in shrews from Aljustrel
agrees with previous studies reporting signiﬁcant amounts
of these elements in AMD from pyrite mines in Portugal
(Santos Oliveira et al., 2002), in soils from Aljustrel (Que-
vauviller et al., 1989), and in tissues of rodents from the St.
Domingos pyrite mine (Pereira et al., 2006). Moreover, Pb,
Cd, and Ni were accumulated in shrews inhabiting mine
sites (Johnson et al., 1978; Smith and Rongstad, 1982;
S´wiergosz-Kowalewska et al., 2005). To our knowledge,
mercury is not reported as a common pollutant of pyrite58mine tailings and data on the bioaccumulation in shrews
from mine sites are lacking. Mercury concentrations in C.
russula from mine site are higher than those recorded in
other insectivores from polluted sites (Pankakoski et al.,
1993, 1994). This observation supports the hypothesis of
a high transfer of this element in the Aljustrel site probably
because of the high mercury bioavailability in acidic condi-
tions (Scheuhammer, 1991) such as AMD.
The high amounts of iron found in AMD and in mine
soils (Quevauviller et al., 1989; Santos Oliveira et al.,
2002) seem to be responsible for high dietary levels and
consequent bioaccumulation in small mammals in pyrite
mines (Pereira et al., 2006). Compared with highly toxic
metals, environmental and ecotoxicological information
on molybdenum is limited and levels of this metal in tissues
of insectivorous are not commonly quantiﬁed. Pankakoski
et al. (1993) reported lower liver Mo concentration in the
mole, Talpa europaea (M = 1.58–1.65 lg g1) that recorded
in our study. The increased concentrations of this metal in
shrews from Aljustrel might be related to physiological
interaction between metals (Pankakoski et al., 1993). No
signiﬁcant diﬀerences between sites were found for the
remaining essential elements quantiﬁed and their levels in
shrew tissues did not appear to be related to increased envi-
ronmental levels. Thus, in mammalian systems, it is likely
that the uptake, bioaccumulation and excretion of these
essential elements are eﬀectively controlled physiologically
and that they bioaccumulated only in cases of extremely
high intake or disrupted metal metabolism (e.g. Goyer,
1997; Ma and Talmage, 2001).
Quantiﬁcation of metals from reference sites is crucial to
determine the current levels of clean sites and the loss of
environmental quality in polluted zones. On a general
trend, the metal concentrations in C. russula from our ref-
erence site were similar or lower than those reported in
other insectivores from clean sites (Talmage and Walton,
1991; Pankakoski et al., 1993, 1994; Shore, 1995; Komarn-
icki, 2000; Ma and Talmage, 2001). Only Mo and Ni in
kidneys and Mn in liver were among the highest reported
in small mammal species. The characteristic species-depen-
dent pattern of essential elements such Mn, the general
high baseline metal values such Ni in insectivores, and
the scarce information on levels of these three elements
(Andrews et al., 1984; Hunter et al., 1989; Eisler, 1998;
Ma and Talmage, 2001; Lopes et al., 2002) can explain
these high concentrations.
4.2. Metal bioaccumulation by season, age, and sex
The wide range of variation observed in polluted areas
may be partially explained by factors such as age and sex
or by seasonal diﬀerences in diet and, therefore, by the
individual response of uptake and bioaccumulation of
metals. Few studies have addressed the seasonal changes
in intake and bioaccumulation of metals in wild popula-
tions of mammals, but similar results were found for
essential metals in the Algerian mouse, Mus spretus, and
A. Sa´nchez-Chardi et al. / Chemosphere 67 (2007) 121–130 127for non-essential metals in the Brown hare, Lepus europa-
eus (Massa´nyi et al., 2003; Viegas-Crespo et al., 2003). In
the case of variations in the concentration of essential
metals, these may be related to life cycle (growth needs,
gonad maturation, and reproduction). Moreover, seasonal
diﬀerences may arise because of the indirect eﬀects of pol-
lution that aﬀect food diversity and bioavailability and
the consequent changes in exposure to essential and
non-essential elements (e.g. Hunter and Johnson, 1982;
Cloutier et al., 1986; Hunter et al., 1989; Lopes et al.,
2002).
The adult shrews from the two study areas showed
about a 2-fold in increase in Cd concentrations compared
with juveniles. This metal bioaccumulates with age in insec-
tivores (Pankakoski et al., 1993, 1994; Read and Martin,
1993) and rodents from mine sites (Smith and Rongstad,
1982; Milton et al., 2003). This age-bioaccumulation in
renal tissue is associated with the formation of a stable cad-
mium-metallothionein complex as a detoxiﬁcation mecha-
nism to prevent toxic eﬀects (Johnson et al., 1978; Ma
and Talmage, 2001; S´wiergosz-Kowalewska et al., 2006).
The increase in Hg with age also occurs in C. russula from
a polluted wetland (Sa´nchez-Chardi et al., 2007). Although
the livers from shrews caught in Aljustrel showed an
increase in Pb with age, this metal did not show a clear bio-
accumulation pattern with this factor. This observation
contrasts with results from bones from the same species
(Sa´nchez-Chardi et al., 2007). This discordant result could
be attributed to the diﬀerences between hard and soft tis-
sues bioaccumulation and/or by diﬀerences in exposure lev-
els or chemical forms of Pb. The half-life of Pb in soft
tissues is in the order of days or weeks and the level of this
element indicates a relatively recent exposure, whereas the
main Pb body burden in mammals is the bones, where it is
stored in a lower toxic form. In contrast, Cr and Ni
decrease with age in C. russula. Similar data for Cr was also
reported in the common shrew, Sorex araneus, and T. euro-
paea (Pankakoski et al., 1993, 1994) and for Ni in the mea-
dow vole, Microtus pennsylvanicus (Smith and Rongstad,
1982). These observations may be explained by an analo-
gous metabolic mechanism for Cr and Ni, and/or a higher
digestive absorption rate in juveniles and, therefore, poor
intestinal absorption of these elements in adults (Eisler,
1984; Outridge and Scheuhammer, 1993; Bonda et al.,
2004; Pereira et al., 2006). While Fe, Mn, and Hg bioaccu-
mulated with age in small mammals from polluted sites
(e.g. Talmage and Walton, 1991; Stansley and Roscoe,
1996; Milton et al., 2003), we did not observe this trend
in C. russula from the sites studied.
When compared with the other parameters, sex remains
as less importance in bioaccumulation patterns. Metal bio-
accumulation in mammals is related to reproduction and
hormonal status. During pregnancy and/or lactation
females may mobilized metals and transfer them across
the placenta to the foetus or via milk to sucklings. There-
fore, a priori a reduction in the concentration of toxic met-
als in females might be expected; however, contradictory59results have been reported (e.g. Smith and Rongstad,
1982; Stansley and Roscoe, 1996; Lopes et al., 2002). The
high concentrations of Mo and Ni in female shrews may
be due to nutritional status as well as to diﬀerences in die-
tary intake and uptake of metals.
4.3. Metal bioaccumulation by tissue
The liver and kidneys are the main tissues involved in
metabolic processes of toxic heavy metals such as biotrans-
formation, bioaccumulation, detoxiﬁcation and excretion.
Our results on metal distribution in C. russula are consis-
tent with those reported for other small mammal species
(e.g. Talmage and Walton, 1991; Pankakoski et al., 1993,
1994; Eisler, 1998; Ma and Talmage, 2001; D’Have´ et al.,
2006). The liver was the main accumulator of Fe, Mg,
Zn, Cu, Mn, and Mo, whereas Hg, Cd, and Ni were higher
in kidneys and Cr showed similar mean values in both tis-
sues and study sites. In contrast, lead exhibited distinct tis-
sue pattern between sites: while Pb average values were
similar between tissues in the reference site, the liver of
shrews from Aljustrel showed higher concentrations. This
latter distribution corroborates results for the bicoloured
white-toothed shrew, Crocidura leucodon, and for the Euro-
pean hedgehog, Erinaceus europaeus (Topashka-Ancheva
and Metcheva, 1999; D’Have´ et al., 2006) and is discordant
with data for other small mammal species that show higher
renal than hepatic Pb concentrations (e.g. Talmage and
Walton, 1991; Pankakoski et al., 1994). Although non-
essential metals typically show accumulations within spe-
ciﬁc target organs, a change in tissue distribution has been
reported in S. araneus, and T. europaea in relation with
pollution (Andrews et al., 1984; Talmage and Walton,
1991; Komarnicki, 2000). This phenomenon seems related
to physiological mechanisms to decrease toxicity, but the
role of chronic exposure and half-life of Pb in soft tissues,
as well as particular tissue distribution in C. russula must
not be disregarded.
4.4. Morphological parameters
Given the scarce data on morphological parameters in
insectivorous mammals, our results contribute to estimat-
ing the eﬀects of pollution on wildlife. The results obtained
for RI and relative weights in the two study sites were sim-
ilar to those reported by other authors for small mammals
inhabiting polluted and reference sites (Bartels et al., 1979;
Ma, 1989; Milton et al., 2003; Pereira et al., 2006; Sa´nchez-
Chardi et al., 2007). We found no diﬀerences in RI
between the two sites, indicating similar ﬁtness in the
two areas; however, we did detect an increase in relative
hepatic weight in shrews from mine site which may be
indicative of hepatic edema (Milton et al., 2003). In fact,
while body condition index is a measure of energy reserves
and environmental quality, changes in the relative weight
of somatic tissues may indicate metal exposure at toxic
levels (Ma, 1989; Ma and Talmage, 2001). The increase
128 A. Sa´nchez-Chardi et al. / Chemosphere 67 (2007) 121–130in relative weight has been reported in kidneys of common
shrews with extremely high Pb levels (Ma, 1989; Ma and
Talmage, 2001) and in livers of bank voles, Clethrionomys
glareolus, with similar Pb levels (8.0 ± 0.8 lg g1 DW;
Milton et al., 2003) to those recorded in shrews from the
Aljustrel mine site. These large diﬀerences between rodents
and insectivores indicate that although these alterations
are associated with Pb levels, they may also depends on
other factors such as the interspeciﬁc tolerance of metals
at toxic levels, exposure route and chemical form of the
metal (Ma, 1989; Farag et al., 1998; Ma and Talmage,
2001).
4.5. Toxicity eﬀects
Environmental pollution may stress animal populations,
even if acute poisoning eﬀects or levels are not observed
(Pankakoski et al., 1994). From an ecotoxicological point
of view, high metal exposure may produce toxic eﬀects
on wild specimens and animals may be more exposed to
predators (Bonda et al., 2004). Although insectivores show
high tolerance to metal pollution (Ma, 1989, 1996; Talmage
and Walton, 1991; Shore, 1995; Ma and Talmage, 2001),
the Pb, Hg, and Cd concentrations reported in specimens
from Aljustrel may reach toxic levels. These non-essential
elements have been associated with a wide range of toxico-
logical responses in liver and kidneys of small mammals;
these include oxidative stress, acute injury, apoptosis, and
necrosis (e.g. Pankakoski et al., 1993; Stansley and Roscoe,
1996; Milton et al., 2003). In these organs, a wide range of
critical Pb levels varying from 70 lg g1 DW to 5–
10 lg g1 DW (Scheuhammer, 1991; Ma, 1996) is consid-
ered a chemical biomarker of Pb toxic exposure in
mammals. In our study, 11 out of 31 shrews in Aljustrel
showed more than 5 lg g1 of Pb in liver (maximum of
15.99 lg g1 DW). Twenty-four out 32 specimens the mine
site showed Hg concentrations above 1.1 lg g1 in kidneys
(maximum of 5.65 lg g1DW) which is considered indica-
tive of mercury pollution (Eisler, 1987). In contrast with
rodents, insectivores are very tolerant to Cd as demon-
strated in laboratory and ﬁeld studies. While liver and kid-
ney lesions in common shrews were associated with Cd
concentrations of 577 and 253 lg g1 DW respectively,
and 350 lg g1 DW is reported as indicative of harmful
eﬀects in insectivores (Hunter et al., 1989; Ma and Tal-
mage, 2001), renal concentrations of about 110–260 lg g1
produce nephrotoxic eﬀect in mice (Pankakoski et al.,
1993). Moreover, hepatic and renal alterations have been
reported in bank voles with 15.1 lg g1 DW Cd in liver
and 17.0 in kidneys (Wlostowski et al., 2003). The cad-
mium concentrations observed in shrews from the mine site
did not reach toxic levels for these animals, but were higher
than the no-observable-adverse-eﬀects-level (NOAEL) in
rodents and may indicate a considerable environmental
pollution. Scarce information is available about food-chain
transfer and uptake and tissue concentration of Ni
(Andrews et al., 1984; Hunter et al., 1989; Eisler, 1998);60however the high concentrations found in C. russula
require more toxicological information that allows the
assessment of their environmental consequences.
4.6. Correlation between metals
In spite of these toxic levels of single elements, the inter-
action and aggregative eﬀect of metal mixture must be con-
sidered to determine subclinical environmental problems
because these mixtures may increase toxic eﬀects by syner-
gism (Belle´s et al., 2002). In fact, shrews from mining areas
are, in general, exposed to a mixture of metals from min-
eral ores and associated inclusions (e.g. Johnson et al.,
1978). Our data agree with relations reported for Fe, Zn
and Cu with Pb, Cd, and Hg (e.g. Johnson et al., 1978;
Wlostowski et al., 2003; Bonda et al., 2004; Pereira et al.,
2006). On the whole, the role of the liver in homeostatic
mechanisms and the kidneys in excretion processes may
explain the correlations observed. Interaction between
non-essential metals and essential metals is attributed
mainly to competition in intestinal absorption, to competi-
tion mechanisms regarding metal enzymes complexes, and/
or to the protective eﬀects in front of oxidative processes
produced by metal exposure. Despite of this, our results
require conﬁrmation due to the lack of information about
these interactions.
5. Conclusion
The increase of metal in shrews due to their great feed-
ing requirements of shrews may reveal low or current levels
of pollution by bioaccumulation at detectable levels. Here
we report that an abandoned pyrite mine produces a con-
siderable increase in the bioavailability and bioaccumula-
tion of potentially toxic metals (Pb, Hg, Cd, and Ni) in
shrews. In fact, these elements might represent an environ-
mental risk in these abandoned mines. Our results also
indicate that season-, age- and sex-dependent variations
must be considered when interpreting exposure, bioaccu-
mulation and eﬀects of metals in wild mammals. The
trophic position and physiological characteristics of insec-
tivores make them suitable bioindicators in the assessment
of environmental quality and bioaccumulation in other
species such as protected carnivorous mammals.
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Haematological (WBC, RBC, Hgb and Hct) and genotoxicity (MNT) parameters, hepatic enzymatic ac-
tivities (GST, GPx and GR), and a histopathological evaluation of liver, kidneys and gonads were assessed
as general biomarkers of metal pollution in the shrew Crocidura russula inhabiting a pyrite mining area.
Specimens exposed to metals presented a few signiﬁcant alterations when compared with reference
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partly explained the observed variation, whereas sex was the least important factor. Signiﬁcant corre-
lations were also found between heavy metal concentrations and biomarkers evaluated, demonstrating
the great inﬂuence of these metals in the metabolic alterations. To the best of our knowledge, these data
constitute the ﬁrst measurements of a battery of biomarkers in shrews from a mine site and are among
the few available for insectivorous mammals.
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Abandoned mines constitute a serious environmental problem
throughout the world. These sites represent a potential threat to
human and ecosystems health and cause important impacts on
wide areas over long periods if nothing is done toward pollution
mitigation. The mine of Aljustrel is a good example of this situation.
This mine site is one of the biggest deactivated pyrite mines in
Portugal and spills out great amounts of liquid efﬂuents, in what is
known as acid mine drainage (AMD), characterized by high metal
contents and low pH. In terrestrial food webs, toxic levels of some
metals are easily reached in abandonedmining sites due to the high
bioavailability of metals found in these areas. In fact, previous
studies have reported the accumulation of several metals in soils,
plants, and animals as well as their physiological effects in areas
affected by deactivated mines in this country (e.g. Gerhardt et al.,Facultat de Cie`ncies, Ed. C,
08193 Bellaterra, Barcelona,
(A. Sa´nchez-Chardi).
All rights reserved.
hardi, A. et al., Haematology,
la, Environ. Pollut. (2008), d2005; Pereira et al., 2006; Quevauviller et al., 1989; Sa´nchez-Chardi
et al., 2007b). In spite of this high risk, scarce data are available
concerning the inﬂuence of metal pollution on the health of species
belonging to higher trophic levels, such as shrews. Almost no data
were found on the effects of contamination in carnivorous small
mammals inhabiting abandoned pyrite mining areas, Marques et al.
(2007) quantify few haematological and enzymatic parameters in
greater white-toothed shrews, Crocidura russula, from a Pb/Znmine
site. To our knowledge, the present study measures, for the ﬁrst
time, a battery of biomarkers in C. russula.
The assessment of physiological effects of chronic exposure to
metals using biomarkers of sublethal toxicity is necessary in order
to evaluate the impact of pollution under realistic conditions. These
effects include genotoxic (Ieradi et al., 1996; Sa´nchez-Chardi
and Nadal, 2007), enzymatic (Lopes et al., 2002; S´wiergosz-
Kowalewska et al., 2006), haematological (Nunes et al., 2001;
Reynolds et al., 2006; Rogival et al., 2006), and histological alter-
ations (Clark et al., 1992; Damek-Poprawa and Sawicka-Kapusta,
2004; Pereira et al., 2006; Stansley and Roscoe, 1996) that in gen-
eral only occur when substantial concentrations of metals are
present in the tissues. In fact, the combined use of biomarkers with
bioaccumulation data provides a suitable measure of health status,genotoxicity, enzymatic activity and histopathology as biomarkers of
oi:10.1016/j.envpol.2008.02.026 65
Table 2
Distribution of specimens by site, sex and age
Site Sex Age Total
Juveniles Adults
Reference Males 6 4 10
Females 5 3 8
Mine Males 4 4 8
Females 4 4 8
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ARTICLE IN PRESSphysiological condition, and response of terrestrial small mammal
populations to pollution (e.g. S´wiergosz et al., 1998; Walker, 1998).
Environmental control should be multidirectional, but one of
the most essential criteria of analysis is related to observations
carried out on wild animals. Small mammals are ideal for moni-
toring environmental pollution as well as for evaluating the risk for
human populations living in polluted areas such as abandoned
metalliferous mining sites (e.g. Pereira et al., 2006; Sa´nchez-Chardi
et al., 2007b; Talmage and Walton, 1991; Walker, 1998).
Here we quantify haematological and genotoxic parameters,
enzymatic activities, and histopathological alterations in shrews
inhabiting an abandoned pyrite mining site. Moreover, the effect of
age and sex was also measured and correlations between metal
bioaccumulation and biomarkers were determined in order to ex-
plain the variation found in these parameters. Finally, with all this
information in mind, we discuss the risk involved with this kind of
environmental pollution and the suitability of insectivorous
mammals as bioindicators.
2. Material and methods
2.1. Study sites
This study was carried out in the vicinity of the deactivated pyrite mine of
Aljustrel, located in the Baixo Alentejo province (southern Portugal). Deactivated
about a decade ago, approximately 50,000,000 t of target metals were extracted
from this mine during its 130 years of exploitation. The sampled area in Aljustrel
(375300800N; 080803200W) is located along the ‘‘A´gua forte’’ riverside, where the
stored acidic efﬂuents are discharged during rainy periods. For comparative pur-
poses, an area with similar relief, climate and vegetation, located 69 km northeast of
the Aljustrel mine (381101300N; 072403400W) was selected as a reference, consid-
ering that no exogenous sources of heavy metals are known. The climate of the
region where both sampling areas are located is characterized by hot dry summers
and mild winters. The vegetation mainly consists of sparsely scattered specimens of
Quercus rotundifolia, as well as several shrub and herbaceous species (Rubus ulmi-
folius, Nerium oleander, Echium plantagineum, Bromus rigidus, Vulpia myuros, and
Phleum phleoides).
In 2003, a total of 34 specimens of the greater white-toothed shrew were live-
trapped using Longworth and Sherman traps. Hepatic metal concentrations of
these shrews were reported in a previous study (see Table 1). Distribution of cap-
tures by site, sex, and age is showed in Table 2. All captured animals appeared to be
in good physical condition with no major signs of illness or deformity. Animals were
sexed, weighed and transported to the laboratory. After a slight anaesthesia, spec-
imens were sacriﬁced by cervical dislocation in strict accordance with ethical di-
rectives on the protection of animals.
2.2. Haematological and genotoxic parameters
Peripheral blood was collected by cardiac punction using heparinized syringes.
White blood cells count (WBC, 103 mm3), red blood cells count (RBC,
106 mm3), haemoglobin concentration (Hgb, g dl1), and haematocrit (Hct, %)
were quantiﬁed in a Coulter Counter Analyser (Beckman Coulter, USA).
For the micronucleus test, duplicate blood smears were made for each specimen
on pre-cleaned microscope slides, ﬁxed with heat, and stained with conventional
May-Gru¨nwald–Giemsa stain. For each individual, micronucleus (MN) frequencyTable 1
Mean SEM values for metals in liver of C. russula from the reference and the
Aljustrel mine site (in mg g1 dry weight)
Reference site (n¼ 22) Mine site (n¼ 31)
Fe 1257.36 160.03 2958.45 395.21***
Mg 899.81 27.51 987.32 83.84
Zn 145.23 7.27 167.26 19.18
Pb 0.77 0.09 5.26 0.75***
Cu 23.83 10.31 28.31 16.17
Mn 17.56 0.74 17.26 1.42
Hg 0.26 0.05 1.03 0.26***
Cd 2.27 0.65 8.61 1.47***
Mo 3.38 0.24 5.30 0.52**
Cr 1.32 0.11 1.12 0.28**
Ni 0.67 0.24 1.48 0.17***
*p 0.05; **p 0.01; ***p 0.001.
After Sa´nchez-Chardi et al. (2007b).
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metal pollution in the shrew Crocidura russula, Environ. Pollut. (2008), dwas scored on 2000 blood erythrocytes through an oil immersion objective (100)
on a Leica Leitz DMRB microscope.2.3. Enzymatic parameters
A liver portion of about 300 mg was rinsed in an ice-cold 0.154 mM KCl solution
immediately after dissection. Glutathione S-transferase (GST), glutathione peroxi-
dase (GPx) and glutathione reductase (GR) activities were assessed according to
Habig et al. (1974), Paglia and Valentine (1967) and Carlberg and Mannervik (1985),
respectively. Total protein contents were determined according to the Biuretmethod
(Gornall et al., 1949) using Bovine Serum Albumin (Sigma, Spain) as standard. Ad-
ditional methodological descriptions may be found in Marques et al. (2007).2.4. Histopathological evaluation
A small part of the liver, the right kidney and the gonads were ﬁxed in 10%
neutral-buffered formalin, dehydrated in ethanol, cleared in xylene and embedded
in parafﬁn wax. Sections of 5 mm thick were stained with conventional hematoxylin
and eosin and the slides were examined by light microscopy. The incidence of al-
terations was reported in a qualitative evaluation. Moreover, for statistical purposes
the severity of alterations was measured on a semi-quantitative scale scored in four
categories according to the intensity of alterations: without alteration (0), slightly
altered (1), intermediately altered (2), and strongly altered (3).2.5. Statistical analyses
All data were expressed as mean standard error (M SEM). When necessary,
data were log transformed and then tested for normal distribution (Shapiro–Wilk
test) and homogeneity of variance (Levene, F-test). Comparisons of haematological
and enzymatic parameters by age, sex, and site were performed with Student’s tests
(t). Signiﬁcant genotoxic and histopathological divergences for these three factors
were assessed using Mann–Whitney tests (U ). Moreover, for each of these factors,
data were pooled in order to obtain an appropriate sample size for statistical anal-
yses. To investigate associations between bioaccumulation and its effects, Spearman
or Pearson correlation coefﬁcients (r) were calculated between hepatic metal con-
centrations and enzymatic, haematological, histopathological, and genotoxic pa-
rameters for both study sites. All statistical analyses were performed with SPSS 11.5
software for Windows.3. Results
3.1. Haematological and genotoxic parameters
Descriptive statistics for haematological parameters are shown
in Table 3. Though no signiﬁcant differences were found by study
site, season, age, or sex in these parameters, a tendency toward
increase was detected in specimens from the polluted site. An age-
dependent increase in both studied sites was also observed (Table
3). Moreover, at the polluted site, signiﬁcant correlations were
observed between RBC and Pb (r¼0.609, p¼ 0.009), RBC and Cr
(r¼ 0.618, p¼ 0.008), Hct and Pb (r¼0.510, p¼ 0.036), and Hgb
and Cu (r¼ 0.525, p¼ 0.031).
Shrews collected on the polluted site exhibited signiﬁcantly
higher micronuclei mean frequencies than specimens from the
reference site (1.00 0.15 vs 0.14 0.09&, respectively; U¼ 4.195,
p¼ 0.001). No relationships were found inMN frequencies with age
or sex; whereas signiﬁcant correlations were detected betweenMN
and several metals, namely Fe (r¼ 0.722, p¼ 0.002), Mn
(r¼0.592, p¼ 0.020), Cu (r¼0.565, p¼ 0.028), Pb (r¼ 0.524,
p¼ 0.045), Cd (r¼ 0.537, p¼ 0.022), and Cr (r¼0.744, p¼ 0.001).genotoxicity, enzymatic activity and histopathology as biomarkers of
oi:10.1016/j.envpol.2008.02.026 66
Table 3
Haematological parameters in C. russula by age and site
Reference site Mine site
Juveniles (n¼ 8) Adults (n¼ 8) Total (n¼ 16) Juveniles (n¼ 5) Adults (n¼ 10) Total (n¼ 15)
WBC (103 mm3) 3.150 0.327 4.625 0.740 3.887 0.435 3.840 0.819 4.060 0.749 3.987 0.553
RBC (106 mm3) 5.997 0.917 8.147 0.664 7.072 0.613 7.507 0.468 8.544 0.526 7.853 0.371
Hgb (g dl1) 12.212 0.861 13.887 0.487 13.050 0.524 13.300 0.595 14.130 0.427 13.853 0.350
Hct (%) 25.012 3.816 34.700 2.887 29.856 2.628 34.920 1.970 33.330 2.226 33.860 1.592
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Specimens from the abandoned mine site showed a signiﬁcant
decrease in GST activity (t¼3.422; p¼ 0.002). No site variation
was found in the activity of the other quantiﬁed enzymes (Table 4).
With age, a general tendency toward a decrease in GST activity was
detected, while GPx (Reference site: t¼2.336, p¼ 0.034) and GR
tended to increase (Table 4). No sex-dependent variation was
observed in enzymatic activities of C. russula from both study sites.
Moreover, in the specimens from the polluted area, signiﬁcant
positive correlations were identiﬁed between GPx activity and
hepatic concentrations of Pb (r¼0.587, p¼ 0.013), Cu (r¼ 0.791,
p< 0.001), Mn (r¼ 0.651, p¼ 0.005), and Cr (r¼ 0.536, p¼ 0.027).
3.3. Histopathological evaluation
Specimens exposed to metal pollution in the mining area
showed a signiﬁcant increase in number and severity of patho-
logical alterations, namely foci of cell necrosis, apoptosis, and
cytoplasmic vacuolization in the hepatic tissue, when compared
with reference shrews (U¼ 17.500; p< 0.001). In fact, 86% of the
analysed specimens from the mine site showed evidences of ne-
crosis and 79% of vacuolization. On the other hand, 8% of the
specimens from the reference site showed evidences of necrosis
and 58% presented signs of vacuolization. Moreover, a specimen
from the polluted site showed evidences of apoptosis in the hepatic
tissue with nuclei fragmentation and pyknotic nuclei. This was
conﬁrmed with an immunohistochemistry analysis, namely the
detection of cysteine protease Caspase 3 (data not shown). Table 5
reports a semi-quantitative severity scale of alterations in the liver
and Fig. 1 shows examples of control and altered tissues. No sig-
niﬁcant age- or sex-dependent variations were detected in these
pathologies for either of the studied sites. There were also no sig-
niﬁcant relationships between pathologies and hepatic metal
concentrations. Moreover, no alterations related with metal pol-
lution were observed in the kidneys, testes or ovaries of any of the
analysed shrews.
4. Discussion
Several pyrite mines have been closed in southern Portugal in
the past few decades, mainly due to economic reasons. Most of
them were abandoned without any previous environmental re-
covery plan, and thus have continued to be an environmental threat
long after mining activities have ceased. Harmful effects to biota
include deep changes in cells, tissues, individuals, populations, andTable 4
Enzymes activities (mmol/min/g protein) in the liver of C. russula by age and site
Reference site
Juveniles (n¼ 8) Adults (n¼ 9) Total (n¼ 17)
GST 1094.01 96.99 891.44 67.65 986.76 61.54
GPx 113.20 19.93 161.57 11.34 139.24 12.63
GR 66.25 3.61 68.11 3.12 67.24 2.31
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higher trophic level species such as insectivorous mammals.4.1. Haematological and genotoxic parameters
Registered values for haematological parameters are in agree-
ment with available literature on small mammal species (see
revision in Table 6). No signiﬁcant differences were found between
study sites in spite of the higher mean values detected in the pol-
luted area. Such a result could, at least partially, be due to the great
dispersion of data that may mask any signiﬁcant difference. In fact,
homeostasis of mammalian systems under chronic exposure to
environmental pollution may decrease and/or attenuate differ-
ences in wild populations, in contrast with laboratory animals that
often showed signiﬁcant differences when acutely exposed to
metals (e.g. Jadhav et al., 2007; Medina et al., 2007; W1ostowski
et al., 2003). Several studies have reported alterations of haema-
tological parameters in Algerianmice,Mus spretus, housemice,Mus
musculus, wood mice, Apodemus sylvaticus, and northern pocket
gophers, Thomomys talpoides, inhabiting polluted sites (see
Table 6). In our study, this tendency toward an increase of hae-
matological values might be related with protective effects of
essential metals such as iron or with interactions of toxic metals
with oxygen transport, as suggested by the low level of efﬁciency of
their mitochondria in the elimination of reactive oxygen species
(ROS) and/or immunotoxic effects of pollutants (e.g. Tersago et al.,
2004; Stewart et al., 2005). Moreover, the higher levels of toxic
metals in adults as compared with juveniles and the alterations of
metabolism in old animals could explain the tendency toward an
increase of some haematological parameters with age. In accor-
dance with our results, no sex-dependent variationwas showed for
the same analysed parameters inM. spretus and A. sylvaticus (Nunes
et al., 2001; Rogival et al., 2006).
The micronuclei frequencies obtained for the reference area are
in agreement with previously published data of background levels
in C. russula and other small mammal species collected from dif-
ferent reference sites (see references in Sa´nchez-Chardi and Nadal,
2007). The signiﬁcant positive correlation found between MN
frequencies and non-essential metal concentrations in shrews from
the pyrite mining site may be indicative of clastogenic effects of
these elements in wild specimens (e.g. Ieradi et al., 1996; Sa´nchez-
Chardi and Nadal, 2007; Topashka-Ancheva et al., 2003; Tull-
Singleton et al., 1994). Correlations between MN and essential
elements could be partly explained by the protective and/or
antagonistic effects between elements in specimens exposed to
high concentrations of toxic metals.Mine site
Juveniles (n¼ 6) Adults (n¼ 11) Total (n¼ 17)
791.57 74.71 628.36 89.37 685.96 65.01
128.55 10.45 143.25 16.60 133.14 8.73
64.67 4.24 76.00 5.67 71.75 4.04
genotoxicity, enzymatic activity and histopathology as biomarkers of
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Table 5
Frequency and intensity of histological alterations in livers of C. russula (without
alteration (), slightly altered (þ), intermediately altered (þþ), strongly altered
(þþþ))
Reference site (n¼ 12) Mine site (n¼ 14)
 þ þþ þþþ  þ þþ þþþ
Necrosis and degeneration 11 1 0 0 2 8 4 0
Apoptosis 12 0 0 0 13 0 0 1
Vacuolization 5 4 2 1 3 1 4 6
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ARTICLE IN PRESS4.2. Enzymatic parameters
It is well documented that heavy metal exposure alters the
normal activity of antioxidant enzymes, as reported in laboratory
and wild mammals (e.g. Li et al., 2006; Lopes et al., 2002; Pinheiro
et al., 2001; Reynolds et al., 2006; Viegas-Crespo et al., 2003).
However, data with measurements on these parameters are quiteFig. 1. Sections of hepatic tissue of C. russula showing: (A, B) apoptosis with nuclei fragmenta
swollen parenchyma with vacuolization; and (F) normal hepatic tissue (bar size correspond
Please cite this article in press as: Sa´nchez-Chardi, A. et al., Haematology,
metal pollution in the shrew Crocidura russula, Environ. Pollut. (2008), dscarce for shrews (Hamers et al., 2006; Marques et al., 2007). Some
shrew species are among the smallest mammals and in order to
maintain their body temperature, they have extremely high food
requirements due to their high metabolic rate, which is higher than
predicted by allometric scaling (e.g. Stewart et al., 2005). These
atypical physiological conditions also affect enzyme activities in
detoxiﬁcation systems, as reported for the short-tailed shrew,
Blarina brevicauda (Stewart et al., 2005). In the present study,
though no signiﬁcant differences were found for GPx and GR be-
tween study areas, a decrease of GST activity was registered in
shrews from Aljustrel. GST catalyzes the conjugation of various
substances with glutathione, playing an important role against
oxidative stress. This result agrees with data provided by S´wier-
gosz-Kowalewska et al. (2006) for bank voles, Clethrionomys glar-
eolus, exposed to metals from a zinc–lead smelter. Similar levels of
Cd and Pb bioaccumulation in renal tissue (maximum47 mg g1 and
20 mg g1, respectively) were reported in shrews from the Aljustrel
mining site (Sa´nchez-Chardi et al., 2007b). In general, the non-
signiﬁcant differences detected in GPx and GR activities betweention; (C, D) degeneration and necrosis with lymphoid elements; (E) more rounded cells,
ing to 50 mm).
genotoxicity, enzymatic activity and histopathology as biomarkers of
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tolerance of specimens to chronic metal exposure.
The free radical theory proposed by Harman (1992) postulates
an increase of ROS with age and, therefore, a consequent increase of
antioxidant defences. Moreover, age-dependent variations were
reported in antioxidant activity of rats (e.g. Gupta et al., 1991) and in
the activity of hepatic cytochrome P450 in common shrews, Sorex
araneus (Hamers et al., 2006). Since toxic metals such as Cd, Pb, and
Hg reached signiﬁcantly higher levels in adult shrews as compared
with juveniles collected in Aljustrel (Sa´nchez-Chardi et al., 2007b),
the correlation found between enzyme activities and age might be
indicative of metal toxicity when a certain level of bioaccumulation
is reached, as well as a decline in cellular response to oxidative
stress with increasing age (e.g. Holbrook and Ikeyama, 2002). In
fact, several studies have showed that metal exposure can cause
alterations of GPx, GST, and GR activities, preventing some adverse
effects of oxidative stress induced by the production of ROS species
(e.g. Cnubben et al., 2001; Jadhav et al., 2007; Li et al., 2006; Viegas-
Crespo et al., 2003).
In rodents (Fouche´court and Rivie`re, 1995; Li et al., 2006) and
insectivores (Hamers et al., 2006) sex-dependent variation has
been previously reported in enzymes from detoxiﬁcation systems.
Nonetheless, no differences were found in C. russula in the present
study, in agreement with other surveys using wild populations of
small mammals (Lopes et al., 2002; Viegas-Crespo et al., 2003).
These divergent results may be indicative of inter-species and/or
inter-populations differences. Due to the scarce information avail-
able on biotic parameters obtained from wild populations of small
mammals exposed to metal contamination, it is essential that more
studies dealing with these aspects be carried out.
4.3. Histopathological evaluation
One of the goals of this study was to assess, for the ﬁrst time,
histological alterations related to metal exposure in livers of wild
shrews. As far as we know, available data on the histopathological
effects of metal pollution in wild insectivorous mammals are very
scarce and limited to renal lesions (e.g. Stansley and Roscoe,
1996). Histopathological evaluation of target tissues is a suitable
biomarker that provides important qualitative and quantitative
information about acute or chronic effects of toxic compounds,
sometimes not so ﬁnely predicted by other parameters (e.g.
Reynolds et al., 2006; Jadhav et al., 2007; Thijssen et al., 2007).
This approach is commonly used on laboratory animals but sel-
dom on wild populations of insectivorous mammals. Several
other studies have used the liver as the main target organ for the
assessment of histopathological alterations, examining various
rodent species exposed to non-essential metals on polluted sites
(Clark et al., 1992; Damek-Poprawa and Sawicka-Kapusta, 2004;
Pereira et al., 2006).
In the present study, shrews from the mining area presented an
increase in the number and severity of pathological alterations in
the liver attributed to the effects of bioaccumulation of toxic
compounds in this organ. In fact, the relative liver weight increases
and the hepatic levels of Pb, Hg, and Cd in these specimens were
above the no-observed-adverse-effects-level (NOAEL) and, there-
fore, susceptible to toxic effects (Sa´nchez-Chardi et al., 2007a,b).
Among tissues and cellular alterations, chronic exposure to these
elements induces hepatic cell necrosis and apoptosis, and produces
cytoplasmic vacuolization in hepatocytes, showing metal toxicity
and carcinogenicity (e.g. S´wiergosz et al., 1998; Damek-Poprawa
and Sawicka-Kapusta, 2004; Jadhav et al., 2007). However, it was
impossible to determine which metal caused which speciﬁc lesion
due to wild populations are often exposed to a mixture of toxics.
These signs of hepatic damage may be due to oxygen deﬁciency
and/or the presence of ROS induced by metal exposure. This canPlease cite this article in press as: Sa´nchez-Chardi, A. et al., Haematology,
metal pollution in the shrew Crocidura russula, Environ. Pollut. (2008), doften occur when detoxifying systems such as metallothioneins are
not responding efﬁciently enough to bind all metal ions (S´wiergosz
et al., 1998; W1ostowski et al., 2003; Jadhav et al., 2007).
Despite the abundance of data relating toxic effects with age and
gender, no dependent variation was found in C. russula for the two
parameters. The absence of histological changes in the kidneys,
testes or ovaries of any of the analysed shrews may reﬂect these
tissues higher tolerance to heavy metals. This physiological adap-
tation to chronic exposure is probably connected with efﬁcient
detoxiﬁcation systems acting in these tissues or low exposure to
toxic species of metals due to the important role of the liver in
detoxiﬁcation of xenobiotics uptaken in food.
4.4. Small mammals as bioindicators
Small mammals are often considered to represent an in-
termediate stage between low and high trophic levels, since they
constitute important items in the diet of carnivorous birds and
mammals. However, shrews are insectivorous and can be consid-
ered predators with a high position in the food-chain. In fact, they
usually accumulate larger amounts of toxic pollutants than rodents,
which makes these insectivores suitable bioindicators of environ-
mental contamination (e.g. Talmage and Walton, 1991).
Wild mammals from polluted environments can uptake metals
until toxic levels are reached. The assessment of this potential risk
can be measured by daily intake, metal bioaccumulation in tissues,
or through biomarkers that report toxic effects at different levels.
Daily metal intake in shrews from the pyrite mine of Aljustrel
remains unknown, but considering the high concentrations of
non-essential metals found in tissues of the analysed specimens
(Sa´nchez-Chardi et al., 2007b) it is obvious that it exceeds the
threshold of toxicity. Even though biomarkers can be inﬂuenced by
a multiplicity of factors under wild conditions, they provide suit-
able information on animals’ health status when exposed to some
sort of pollution in their natural habitat. In fact, the assessment of
environmental pollution effects in wild biota has been a vital
challenge for ecotoxicologists in spite of evident difﬁculties caused
by constantly changing environments and high intra-speciﬁc
variability.
Organelles, cells, tissues, organs, individuals, populations,
communities, or ecosystems can suffer the deleterious conse-
quences of toxic substances. An important and complicated issue is
to understand precisely how pollutants affect each of these orga-
nizational levels. Here we have quantiﬁed several parameters in
order to better understand possible deleterious effects of non-
essential metal exposure from the sub-cellular to the individual and
population levels. As a result, we reported signiﬁcant genotoxic,
enzymatic and histological alterations, as well as a tendency toward
an increase in haematological parameters in shrews chronically
exposed to metals in an abandoned mining area.
Several authors have suggested that wild small mammals
inhabiting polluted sites are more sensitive than animals that are
the subjects of laboratory experiments (e.g. Reynolds et al., 2006).
Laboratory animals are usually under strict, controlled conditions,
with minimal variation in abiotic (temperature, humidity, photo-
period, etc.) and biotic factors (such as gender or age). In addition,
controlled contamination protocols usually involve animals
uniformly exposed to a single toxic compound at a known and
constant concentration. Conversely, specimens from natural pop-
ulations live under numerous (and often uncontrolled) circum-
stances, such as parasitosis or reduced food availability, that can
contribute to a decline in their health status. Thus the amount of
energy available for essential activities and defence against toxic
effects of metal exposure is considerably diminished. Moreover, in
the wild, metal exposure frequently includes a combination of
potentially toxic compounds that are not distributed constantly ingenotoxicity, enzymatic activity and histopathology as biomarkers of
oi:10.1016/j.envpol.2008.02.026 70
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differential exposure and response (Talmage and Walton, 1991),
contributing to the great variability observed in some parameters in
polluted areas (e.g. Sa´nchez-Chardi et al., 2007a; Marques et al.,
2007). Pollutants may also be transformed before exposure,
producing cumulative effects and/or undergoing interactions be-
tween them. So wild populations chronically exposed to pollution
apparently make use of adaptive processes to better tolerate toxi-
cants in a changing environment (e.g. Marques et al., 2007; Medina
et al., 2007). All these factors can complicate the interpretation of
ecotoxicological data as some parameters often do not show sta-
tistical signiﬁcance, but only increasing/decreasing tendencies. A
multidirectional approach such as the one described in the present
study is extremely important for a wider andmore accurate view of
the effects of environmental pollution.
5. Conclusions
Shrews from the abandoned pyrite mine of Aljustrel not only
showed signiﬁcant heavy metals accumulation in their tissues
(above toxic levels) but also presented physiological alterations.
Age was a factor that particularly contributed to the observed
variability, whereas sex was the one that contributed the least to
the variation of the quantiﬁed parameters. Statistically signiﬁcant
correlations were reported between biomarkers and heavy metal
contents. In spite of these relationships, none of the analysed
metals can be pointed to as being chieﬂy responsible for the vari-
ation of the quantiﬁed biomarkers. A number of other metals, as
well as other xenobiotics often present in wild conditions, may
have also contributed to these results.
The combination of multiple biomarkers at different levels of
organization can contribute to an integrative view of overall effects
of environmental pollution at realistic conditions inwild specimens
and populations. Here we have showed that non-destructive bio-
markers such as MNT and haematological parameters provide
suitable information, but histopathological evaluation of target
tissues has revealed itself to be an important, speciﬁc, and sensitive
tool for ecotoxicological assessment.
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ABSTRACT 
 
 Abandoned mines may potentially represent an environmental problem around the 
world. In this study, the physiological condition of Algerian mouse (Mus spretus) caught near 
two old mines in southern Portugal, a pyrite mine (Aljustrel) and lead/zinc mine (Preguiça), 
was investigated. Biological responses of mice were assessed on a seasonal basis by analysing 
morphological (body and organs masses and body condition), haematological (WBC, RBC, 
Hgb and Hct) and biochemical (GST, Se-GPx and GR) markers. A liver histopathological 
evaluation was also carried out and liver elemental levels were determined. Mining areas, 
especially Aljustrel, showed higher values of Mn, Fe, Cu, Zn, Pb and As in soils and 
vegetation. On the other hand, results showed an increased bioavailability of Fe and Se for 
Aljustrel mice and Se for Preguiça mice, when compared with reference animals. Also a 
decrease in Cu concentration was observed in Aljustrel individuals. In both mining areas, GPx 
activity increased and hepatic histopathological alterations were detected. There was any 
significant variation in the remaining parameters. The GPx increased activity probably 
reflects a protection response of the organism to adverse environmental conditions. Season 
revealed to be an important factor modulating the biomarkers variation, whereas sex was the 
less important. Dry season seems to offer greater adversity conditions to studied animals. This 
study confirms the negative environmental impact of abandoned mines and the influence of 
different factors on biological responses that need to be studied in biomonitoring studies. 
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1. Introduction 
 
Mining activities are ancient in Portugal and had an intensive development during the 
Roman occupation, starting about two millennia ago (Schermerhorn et al. 1987). The ore 
extracted from deep mines generally produces large amounts of waste rock and tailings, 
which contain chemicals and residues characterized by high metal concentrations. In Portugal, 
several mining structures have been suspended from labouring during the last decades, 
without any sort of environmental recovery plan. Consequently, tones of metal residues are 
still circulating in their surroundings, mainly through waste water discarches or erosion of 
tailings piles (Santos Oliveira et al., 2002). This contamination eventually causes reduced 
environmental quality, along with increasing environmental risk for wild animals’ health and 
possibly even humans’. 
During the past two decades, the use of biomarkers on particular groups, such as small 
mammals, has become relevant in toxicological assessments as allows an early detection of 
the overall effects of contaminants (Peakall and McBee, 2001). However, the information 
provided by each biomarker per se is of limited relevance as there is a considerable possibility 
of misinterpretation. Besides, linking biochemical and cellular biomarkers with health 
condition indicators for an individual organism is of the utmost importance in predicting 
population-level effects.  
One of the several deleterious health effects of metals is their ability to increase the 
formation of reactive oxygen species (ROS) such as superoxide anion (O2-), hydrogen 
peroxide (H2O2) and hydroxyl radicals (•OH) which induce oxidative stress in animals (Stohs 
and Bagchi, 1995). A surplus of radicals can react with biological molecules and induce lipid, 
protein and DNA oxidation leading to adverse health effects. On the other hand, the toxicity 
of metals such as Pb, Cd, Hg and As, comes from the ability to bind with many of the same 
enzymes where other biologically important metals (e.g. Mn, Fe, Cu, Zn, Se) act as cofactors. 
However, cells contain a complex network of antioxidant defence that scavenge or prevent the 
generation of ROS, and repair or remove the damage molecules (Shi et al., 2004). To these 
antioxidant systems contribute enzymes such as glutathione peroxidase (GPx) and glutathione 
reductase (GR) that act by detoxifying the generated ROS. GPx and GR are closely involved 
in glutathione redox state. GPx participate in a cycle where H2O2 or ROOH are reduced to 
H2O or alcohol, oxidize GSH to GSSG, while GR regenerated GSH by catalyzing the 
oxidation of GSSG to GSH. The main role in all conjugation processes is played by 
glutathione S-transferase (GST) (Deneke and Fanburg, 1989). Beyond the biochemical effects 
caused by metal pollution, histological alterations can also occur. Disturbance by metals, of 
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living processes at the molecular and subcellular levels of biological organization, frequently 
leads to cell injury resulting in degenerative and neoplastic diseases in target organs. 
Therefore, histopathological examination provides important qualitative and quantitative 
information about acute and chronic effects of toxic compounds, sometimes not so finely 
predicted by other parameters (e.g. Reynolds et al., 2006; Thijssen et al., 2007).  
Nevertheless, the correct use of biological responses as biomarkers requires 
knowledge of their natural variability (Peakall and McBee, 2001). Biotic and abiotic factors 
can naturally affect the basal levels of bioaccumulation and the subsequent response to 
pollutants (Burger et al., 2003, Peakall and Burger, 2003; González et al., 2008). Although 
some sources of variability have already been studied in Algerian mice (Mus spretus, Lataste 
1883) (Nunes et al., 2001; Lopes et al., 2002; Marques et al., 2008) an integrated study across 
one year using a set of biomarkers is still needed in order to better assess the toxic response of 
mice to a stress condition.   
Mice are highly suited for studies related to metal exposure because they can be found 
in a variety of habitats and established adults remain localized in a limited area (usually 
within one km) throughout most of their lives (Talmage and Walton, 1991; Laurinolli and 
Bendell-Young, 1996). Previous field studies using the Algerian mouse  as a model under 
natural environmental conditions (Nunes et al., 2001; Viegas-Crespo et al., 2003; Bonilla-
Valverde et al., 2004; Pereira et al., 2006), as well as laboratory studies (Pinheiro et al., 2001; 
Marques et al., 2006), showed that morphological, haematological, biochemical and 
histopathological parameters are useful biomarkers of metal pollution. 
Taking all these considerations into account the present study will assess a battery of 
biomarkers in order to reflect a broader status of the organism: health conditions indicators 
(body and organs masses), antioxidant enzymes (GPx, GR and GST) and histological markers 
(morphological changes). All these parameters were measured on a seasonally base in M. 
spretus captured in two different abandoned mining areas located in south Portugal.   
The aims of the present study were: (i) to quantify the elemental concentrations in 
individuals of M. spretus from a Pb/Zn and a pyrite mining areas; (ii) to determine the 
changes in biological responses across one year and between both mines; (iii) to determine the 
influence of some factors (season and sex) as a source of intrapopulation variation; and (iv) to 
evaluate the potential environmental risk of abandoned mines. 
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2. Material and methods  
 
2.1. Study areas 
 
This study was carried out in two abandoned old mines – Preguiça and Aljustrel - 
located in Baixo Alentejo region (Southern Portugal). These mines are distinct both 
concerning the type of target metals for extraction, the total period of exploitation and the 
elapsed time since abandonment. Preguiça mine is situated in the Magnetite-Zinc Belt, 
comprising domains particularly enriched in Zn and Pb. Mining activities occurred from 1911 
to 1993, followed by complete abandonment. After a decade no actions of environmental 
requalification were taken and the area once occupied by the mine was naturally covered by 
vegetation, hiding all the tailings and scoria produced and accumulated in the soil. The 
selected sampling site was a riparian area located in the surroundings of this abandoned Pb/Zn 
mine (38° 2’ 15’’ N; 7° 17’ 1’’ W). The Aljustrel mine is geologically different, located in the 
most important metallogenetic province in Portugal, the Iberian Pyrite Belt. The underground 
galleries and open crater still remain after an exploitation period of about 30 years (from 1967 
to 1996) and tones of waste material were disposed in the surroundings of the mine over the 
years. The study was carried out alongside the main existing watercourse (‘Água Forte’ 
stream) (37° 53’ 8’’ N; 8° 8’ 32’’ W), in which the stored acidic effluents were discharged 
during rainy periods. For comparative purposes, a non-polluted site with similar vegetation 
and relief near Moura, located 69 Km northeast from Aljustrel mine and 30 Km northwest 
from Preguiça mine  was chosen as reference area (38º 11’ 13´´ N; 7º 24´ 334´´ W). 
The three study areas are located in a typical Mediterranean climate characterized by 
long dry summers and short, mild wet winters. The surroundings of both areas are mainly 
covered by specimens of Quercus rotundifolia sparsely scattered. Shrubs and herbaceous 
species (e.g. Rubus ulmifolius, Nerium oleander, Echium plantagineum, Bromus rigidus, 
Vulpia myunos and Phleum phleoides) are also present. 
 
2.2. Soil and vegetation chemical proprieties 
 
 A previous assessment of the reference area was carried out through samples of soil 
and vegetation (Table 1). Soil pH was determined using a water-soil suspension in a 5:2 v/w 
ration, at 20º (Dewis and Freitas, 1984). The organic matter (OM) in soil was determined in 
dry sediment through oxidation with potassium-dichromate followed by a titration using iron-
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sulphate (LNEC, 1967). Energy-Dispersive X-ray Fluorescence Spectrometry (EDXRF) was 
used for elemental concentration determinations in soil. Pellets of vegetation were directly 
analysed with Particle Induced X-ray Emission (PIXE). This preliminary study confirmed the 
reduced levels of several metals in the soil and vegetation in reference area in comparison 
with mines. 
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2.2. Mice sampling and treatment 
 
A total of 115 adult M. spretus (Reference area, n = 31, 18 males and 13 females; 
Preguiça area, n= 42, 25 males and 17 females; Aljustrel area, n = 42, 23 males and 19 
females) were live trapped on a seasonal basis (dry season and wet season), during three 
consecutive nights in 800 meters transects along riparian areas. In laboratory, body mass 
(BM, in g), body length (BL, in mm) and blood samples, collected in heparinised syringes by 
cardiac puncture, were obtained from each mouse. Mice were sacrificed by cervical 
dislocation, according to legal and ethical recommendations and liver, right kidney and spleen 
were removed immediately from each mouse and weighed. A liver section was used for the 
immediate determination of enzymatic activities another sample was immediately fixed for 
histopathological evaluation and the remaining portion was storage at -20ºC for later 
elemental quantification. 
 
2.3. Hepatic elemental analysis 
 
Liver samples were freeze-dried and subjected to microwave acid digestion in Parr® 
Teflon™ vessels using a mixture of suprapure reagents, HNO3 and H2O2 (9:1 v/v), together 
with 100 µg/l of a Y solution (Alfa Aesar 1000 µg/l suprapure standard solution) as internal 
standard. 10 µl aliquots of the resulting solution were analysed by Particle-Induced X-ray 
Emission (PIXE) for elemental concentrations determination, using the ITN 3MV Van de 
Graaf Accelerator as described elsewhere (Marques et al., 2008). PIXE accuracy of tissue 
analysis was within 5% to 7% and precision (repeatability) as the main uncertainly 
component, was below 8%, although for elemental concentrations < 1 in µg.g-1 the value may 
increase up to 20 % (Barreiros et al., 2001). 
 
2.4. Biomarkers assays 
 
2.4.1. Morphological and haematological parameters 
 
To evaluate the overall health status of mice, a residual index (RI) was used as a body 
condition index, in which BM is regressed on BL. The residual distances of individual points 
from the regression line serve as the estimators of condition (Jakob et al., 1996; Sánchez-
Chardi and Nadal, 2007). No sex-related differences in BM and BL were found and these 
values for males and females were pooled in RI determination. Mice with positive RI values 
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were considered to be in better condition than predicted for their weight and length. Negative 
values underneath the regression line, were attributed to animal with lower body condition 
than expected. 
The relative liver, kidney and spleen mass ratios were calculated as a percent ratio of 
somatic tissue (100 x tissue wet mass/body wet mass). 
Blood samples were analysed in a Coulter Counter Analyser (Beckman Coulter, USA) 
for White Blood Cells count (WBC, ×103 mm−3), Red Blood Cells count (RBC, ×106 mm−3), 
Haemoglobin concentration (Hgb, g dl−1), and Haematocrit (Hct, %) (Coulter Analyser 
Manual). 
 
2.4.2. Histopathological analysis 
 
A sub-set of male mice (15 from Reference area, 16 from Preguiça and 15 from 
Aljustrel) were used to assess liver histological examination by optical microscopy using a 
Nikon Eclipse 600 microscope equipped with a Nikon DN100 camera (Kanagawa, Japan). 
Liver samples were fixed in 10% neutral-buffered formalin, dehydrated in ethanol, cleared in 
xylene and embedded in paraffin wax. Sections of 5µm thick were stained with hematoxylin 
and eosin (H&E) and with Masson method for conventional histological examination. 
Periodic Acid Schiff (PAS) staining was used to visualize and tag glycogen deposition (PAS 
positive).  
 
2.4.3. Enzymatic activities assays 
 
To determine enzymatic activities a liver portion of about 0.3 g was rinsed in an ice-
cold 0.154 mM KCl solution, immediately after dissection. Liver homogenates (1:10 w/v) 
were prepared in 0.25 M potassium phosphate buffer, pH 7.0, followed by adequate dilution. 
Glutathione S-transferase (GST), glutathione peroxidase (GPx) and glutathione reductase 
(GR) activities were assessed according to Habig et al. (1974), Paglia and Valentine (1967) 
and Calberg and Mannervik (1985) respectively. Total protein contents were determined 
according to the Biuret method (Gornall et al., 1949) using Bovine Serum Albumin (Sigma, 
Spain) as standard. Additional methodological descriptions may be found in Marques et al. 
(2007). 
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2.5. Statistical Methods  
 
 Data was logarithmic transformed to complying normality-tests (Shapiro-Wilk test) 
and homogeneity of variance (Levene test). Also the One-way ANOVA (F test), followed by 
a post-hoc Scheffe´s tests were applied to assess differences between animals groups 
according to season and sex. The effect of study area, season and sex on hepatic metal 
concentrations and biological responses were investigated using a three-way multivariate 
analysis of variance (MANOVA). Differences at p < 0.05 were considered statistically 
significant. For all sequential tests, p-values were corrected by the Bonferroni adjustment. 
Values given were expressed as mean ± standard error. SPSS for Windows (Version 11.0, 
SPSS, Inc.) was used to perform the statistical analyses.  
 
3. Results 
 
3.1. Hepatic elemental analysis 
 
Considering each individual elemental concentration of Fe, Cu, Zn and Se determined 
in liver, significant differences between areas were obtained (Table 2). Mice inhabiting 
Preguiça area showed also higher liver Se content than reference mice (p = 0.005).  This 
difference occurred particularly in dry season (p= 0.037). Mice captured in Aljustrel showed 
higher concentrations of Fe and also Se in liver, when compared to reference animals (p < 
0.0001). Moreover, in the Aljustrel population, small liver content in Cu was obtained which 
significantly differ from reference mice (p = 0.025) (Table 2). The Se enhanced in mice from 
Aljustrel was observed in all seasons (p < 0.0001), while the liver Fe increase was verified 
only on wet season (p = 0.017). The smaller Cu concentration verified in Aljustrel mice 
occurred in dry season (p = 0.019).  
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When compared the seasonal differences for each area, was verified that in reference 
mice only Mn (F = 12.371, p = 0.001) has an elevated value in wet season, when compared 
with dry season (Table 2). Aljustrel mice presented higher concentrations of Mn, Cu and Zn 
on wet season compared to the dry season (F = 11.317, p = 0.002; F = 7.800, p = 0.006; F = 
6.977, p = 0.012, respectively), while Preguiça animals showed a decrease of Fe and an 
increase of Zn on wet season (F = 5.059, p = 0.030; F = 4.591, p = 0.038, respectively). 
Mn liver concentration was found to be influenced by gender. Females from Preguiça 
showed high Mn levels in dry season (6.15 ± 0.69 vs 4.60 ± 0.32 µg.g-1; F = 4.762, p = 0.048), 
while in Aljustrel high Mn liver contents were observed on wet season (6.59 ± 0.39 vs 4.73 ± 
0.28 µg.g-1; F = 13.024, p = 0.001). 
MANOVA results showed that elemental bioaccumulation present significant 
differences by area (F = 6.145, p < 0.0001), and season (F = 3.874, p = 0.003). On the other 
hand, the gender of mice had less important effect on hepatic elemental concentration (F = 
2.297, p = 0.051). 
 
3.2. Morphological and haematological parameters 
 
No study area variation was observed for morphological parameters, when compared 
abandoned mines with reference area (Table 3). However, at Preguiça area body mass (BM), 
residual index (RI), hepatic and renal ratio (%) and spleen mass varied with the periods of 
capture (Table 3). Mice collected in dry season showed a decreased BM, RI and spleen mass 
(F = 7.942, p = 0.007; F = 5.644, p = 0.019; F = 11.434, p = 0.002, respectively), whereas 
hepatic and renal mass ratios increased in dry season (F = 12.284, p = 0.001; F = 9.730, p = 
0.003, respectively). No sex-dependent variation was detected for any morphological 
parameter.  
No significant differences between study areas were detected for any of the 
haematological parameters (Table 3). Basically, the results expressed seasonal variability in 
all studied areas, although being only significant in reference area and Preguiça (see Table 3). 
Mice from reference area showed a significant decrease in WBC and Hgb in dry season (F = 
15.457, p < 0.0001; F = 12.583, p = 0.001, respectively), when compared with those from wet 
season. Also the mice from Preguiça mine presented a smaller mean value of Hgb in dry 
season, in relation with wet season (F = 13.031, p = 0.001) (Table 3). In relation to the gender, 
only in Aljustrel mine and in wet season statistical differences were obtained. Females from 
Aljustrel had higher WBC (6.89 ± 1.02 vs 3.11 ± 0.58 x 103 mm-3; F = 12.744, p = 0.002), 
RBC (7.39 ± 0.34 vs 5.95 ± 0.51 x 106 mm-3; F = 5.765, p = 0.024), Hgb (13.30 ± 0.31 vs 
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11.18 ± 0.96 g/dl; F = 5.375, p = 0.029) and Hct (32.06 ± 1.44 vs 24.52 ± 2.90 %; F = 6.086, p 
= 0.021) values than males.  
Multivariate analysis of morphological and haematological data of Algerian mice 
evidenced that season was the most important parameter influencing results (F = 4.175, p = 
0.002; F = 93.720, p < 0.0001, respectively). Following, study area influence was marginally 
significant (F = 2.122, p = 0.069; F = 1.934, p = 0.110, respectively) and sex appeared at the 
third level of importance (F = 1.353, p = 0.249; F = 1.063, p = 0.379, respectively).  
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3.3. Histopathological analysis 
 
Contrasting with reference inhabiting mice (Fig. 2A), the hepatic tissue from mining 
areas showed some necrotic hepatocytes and lymphocyte infiltration (Fig. 2B), a strong 
hepatocyte vacuolization (Fig. 2C) and demonstrated progressive interstitial fibrosis (Fig. 
2D). Moreover, some animals from mining areas shows an apparent vascular endothelium 
damage and a specimen from Preguiça mine revealed the presence of multinucleated 
hepatocellular giant cells in parenchyma and portal areas with lymphocyte-infiltrated. In mice 
from polluted mines, PAS reaction demonstrates glycogen stores in the hepatocytes of both 
the pericentral and the periportal areas, with an apparent decrease of glycogen in pericentral 
area. 
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Fig. 2. A. The normal hepatic structure of M. spretus from the reference area [H&E, 
100x; H: Hepatocytes; CV: Central Vein]. B. Liver of mice caught at Aljustrel with 
some necrotic hepatocytes (*) and lymphocyte infiltration (arrows) [H&E, 200x]. C. 
The liver of mice from Aljustrel displaying strong hepatocyte vacuolization (arrow). 
The natural arrangement of these cells in cords was also visibly disturbed, in 
opposition to the liver from reference animals [H&E, 200x]. D. Mice from Preguiça 
with evident fibrosis developed in the periportal area clearly dividing each liver lobule 
(arrows) [Masson, 40x].   
 
 
3.4. Enzymatic activities 
  
Animals from both abandoned mines presented a significant increase in GPx activity 
in relation to the reference area (p < 0.0001) (Fig. 1). 
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Fig. 1. Seasonal variations in hepatic enzymes activities (µmol/min/mg protein) in M. spretus 
from both mining and reference areas (white: wet season; grey: dry season; * significantly 
different from reference area; + significantly different from wet season). 
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For all polluted areas, this difference is particularly significant on the dry season. In all 
study areas seasonal variations were also detected (Fig. 1). In reference animals GR activity 
increased during the dry season (F = 12.390, p = 0.001). The same occur in mice collected in 
Preguiça in dry season, with higher values for all enzymes when compared with wet season 
(GST: F = 11.965, p = 0.001; GPx: F = 49.594, p < 0.0001; GR: F = 60.274, p < 0.0001). GPx 
and GR activities were also higher during the dry season in Aljustrel mice (F = 172.277, p < 
0.0001; F = 4.486, p = 0.040, respectively). No sex dependent variation was observed in 
enzymatic parameters of Algerian mice for both study areas. 
  Multivariate results (MANOVA) showed that the season (F = 52.754, p < 0.0001) and 
area (F = 9.949, p < 0.0001) were the main factors influencing enzyme activities, and sex (F = 
2.172, p = 0.096) keeping as the less important in variance.  
 
4. Discussion 
 
  Deactivated mines are one of the most severe environmental problems, specially 
taking into account the fact that in many cases the closing of the mines are not followed by an 
environmental requalification planning. Contaminants associated with mining activities can 
affect wildlife in various ways, from chronic to acute deleterious effects on resident species.  
The results of this study showed a hepatic increase in Fe and decrease in Cu 
concentrations in Aljustrel mice. Moreover, liver Se levels were also higher in individuals 
from either Preguiça or Aljustrel in relation with reference mice population. Similar results 
were found in the same species inhabiting labouring and abandoned mines sites elsewhere in 
Portugal (Viegas-Crespo et al., 2003; Pereira et al., 2006; Marques et al., 2008) and as well in 
the common shrew from the same abandoned mines (Sánchez-Chardi et al., 2007).  
Furthermore, the hepatic higher level of Fe found in Aljustrel mice, particularly in wet season 
and Se in both seasons, and the higher Se concentration in Preguiça animals in dry season, 
could be related with the increased environmental concentrations. With particular relevance is 
the fact that although environmental conditions such as climate and soil organic matter are 
relatively similar for both study areas, the acidic conditions registered in Aljustrel soil can 
contribute to a higher level of bioaccumulation in plants or soil organisms and consequently 
in Algerian mice. In fact, recent studies, have shown that pH was recognized as one of the 
most critical factors playing an important role in the bioavailability of metals to organisms 
(Kraus and Wiegand, 2006; Navarro et al., 2006). In Aljustrel mine, tailings were deposited 
directly on soil surface and located in the vicinity of the decantation lakes rich in heavy 
metals. Around the tailings, and on contrary with the Preguiça, no vegetation is observed 
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(Bobos et al., 2006). These unvegetated mining tailings can be a health risk as a result of 
either particle size or chemical composition, since water and wind erosion can bias the 
bioavailability of metals both in soil and surface waters (Abreu et al., 2008; Alvarenga et al., 
2004). 
 On contrary to Fe, the hepatic Cu concentrations in Aljustrel animals are not in 
agreement with vegetation monitoring data. Additionally, in both mining areas the 
environmental levels increase of Mn and Zn are not reflected in hepatic concentrations. 
However, soil concentrations of zinc in both mining areas and lead in Aljustrel exceeded the 
maximum allowed value for soils according to the Portuguese Legislation (Decreto-Lei 
118/2006). The metal uptake by organisms may be derived from physical and chemical 
conditions that can modulate metal bioavailability for food chains but also from the metabolic 
status of exposed organisms (Burger et al., 2003; Peakall and Burger, 2003). Besides, the 
absorption of these essential metals is generally regulated by effective homeostatic 
mechanisms (Goyer, 1997). 
Both Cu and Fe are redox active metals. This is required for optimal function of 
organism, but also leads to potentially toxic effects if levels are to high or low. Cu are 
essential for antioxidant defense mechanisms. For example, Cu act as a co-factor for the 
antioxidant enzyme Cu,Zn-superoxide dismutase (SOD) which catalyzes the conversion of 
superoxide to oxygen and hydrogen peroxide (Fridovich, 1998). Cu also binds to 
metallothionein (MTs), a key regulator of the storage and transport of this metal (Viarengo et 
al., 1999). So, Cu deficiency, in dry season in Aljustrel mice, could reduce the activity of 
SOD. Moreover, since toxic metals, such for example Cd, Pb, Ni, can compete for Cu binding 
sites on transport proteins (MTs), increase absorption of the dangerous metals could happen. 
However, future work is needed to verify all these considerations. On the other hand, Fe is not 
significantly excreted in mammals which may cause tissue Fe accumulation (Frazer and 
Anderson, 2003). Chronic iron overload proved to facilitate ROS formation through the 
Fenton reaction. In turn, ROS can release iron ions from haemo proteins and ferritin resulting 
in further increase of the circulating amount of free iron ions (Halliwell and Gutteridge, 
1999). Hepatic iron and other trace metals (e.g. Pb, As, Cd), together, could lead lipid 
peroxidation and cell damage (Glei et al., 2002; Knöbel et al., 2006). Such deleterious effects, 
could probably be reduced since in another study using the same collected species from 
Aljustrel mine, an increase of MTs in winter was observed (Marques et al., 2008). 
Few studies have attempted to evaluate seasonal variations in bioaccumulation of 
elements in wild populations of small mammals (Viegas-Crespo et al., 2003; Sánchez-Chardi 
et al., 2007). Besides the areas differences relative to Fe, Cu and Se uptakes, variations 
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concerning Mn, Cu, Zn, Fe liver contents were observed on a seasonal basis. These elemental 
variations were not the same for both areas, but with exception for Fe in Preguiça individuals, 
always a hepatic increase in wet season was observed. These variations could be related with 
the life cycle of individuals (growth, gonad maturation, and reproduction) or with indirect 
effects of pollution that may affect food diversity and environmental bioavailability of 
elements (e.g. Cloutier et al., 1986; Hunter et al., 1989; Talmage and Walton, 1991; Mertens 
et al., 2001). Considering the factor sex in the bioaccumulation only Mn presented higher 
concentrations in females than in males, which may reflect differential feeding habitats, or 
different metabolism. 
Se plays an important antioxidant role since it is a GPx component (Rotruck et al., 
1973). Moreover, Se has been shown to have a protective effect, when using laboratory rats, 
against toxic heavy metals (Rana and Boora, 1992; Rana and Verma, 1997; El-Sharaky et al.., 
2007). So, the observed increase of hepatic Se partly could explain the highest Se-GPx 
activity recorded in dry season in mice from mining areas. GPx scavenges H2O2 and lipid 
hydroperoxides using glutathione (GSH) and protecting membrane lipids and macromolecules 
from oxidative damage. An induction of the antioxidant system may reflect a protection 
mechanism against oxidative stress induced by the transition metals and sub-trace availability 
of other metals present in mining areas environment. Our results are in agreement with those 
of Bonilla-Valverde et al. (2004) who found increases in GPx activity in populations of 
Algerian mice inhabiting sites affected by Aznacóllar mining. On contrary, Marques et al. 
(2007) and Sánchez-Chardi et al. (2008) found no differences in GPx activity in C. russula 
from the same reference and polluted areas, which may result from inter-species and food 
habitats differences.  
Following the GPx activity enhanced in dry season, curiously also GR and GST 
activity increase in Preguiça mice and GR in Aljustrel animals. In fact, both enzymes are 
known to be involved in various detoxification processes related to glutathione (GSH). GST 
are a multigene family of isoenzymes that catalyze the conjugation of electrophilic 
compounds to GSH (Cnubben et al., 2001). GSH also acts in the enzymatic antioxidant 
defense as a co-factor in GPx mediated reduction of peroxides, resulting in glutathione 
disulfide (GSSG) formation. GSSG is them reduced to GSH by GR, forming a redox cycle 
(Lu, 2000). In our study, variability of enzymatic activity associated with sex was reduced in 
accordance with other studies (Lopes et al., 2002; Viegas-Crespo et al., 2003). 
Mice from the mining areas also presented several hepatic pathological alterations, 
namely hepatocytes vacuolization, fibrosis, marked cellular infiltrations and vascular 
endothelium damage which can be attributed to the effects of bioaccumulation of toxic 
  
95 
elements in this organ. Other researchers found the same kind of liver lesions (Damek-
Poprawa and Sawicka-Kapusta, 2003, 2004; Pereira et al., 2006) and in another study 
Sánchez-Chardi et al., (2008), with shrew C. russula, observed similar histopathological 
alterations in animals from the vicinity of Aljustrel mine. The hepatocyte vacuolization 
observed in animals from mining areas could result from disturbances in lipid metabolism, 
impairment of enzymes involved in the catabolism of glycogen or alterations in structure and 
permeability of membranes. The presence of fibrosis in mice from mining areas, associated 
with marked cellular infiltrations can be explained by direct effects of heavy metals, damage 
of vascular endothelium or subsequent injury produced by inflammation. Liver glycogen 
metabolism is subject to complex regulations in which substrates or hormones may interact in 
different ways according to the health and nutritional conditions (Stalmans et al., 1987; Ferrer 
et al., 2003). The decrease of glycogen in pericentral liver of animals from mining areas may 
be related with a direct interference of metals in carbohydrate metabolism. However, further 
studies are needed to elucidate this aspect with the determination of liver glycogen levels.  
Overall, no significant effects on morphological and haematological parameters were 
founded, indicating similar health condition in polluted areas. Probably, this could be related 
with the activity of GPx and hepatic levels of Se or also with other protection mechanisms 
against oxidative stress (e.g. GSH, metallothioneins). This all findings, and the fact that the 
hepatic elemental concentrations were similar or not so higher than those reported for the 
same species inhabiting control areas (Lopes et al., 2002; Viegas-Crespo et al., 2003), result 
in polluted areas with small mammals in well health condition. Also previous studies on 
Crocidura russula in the same study areas showed reduced effects on morphological and 
haematological parameters (Marques et al., 2007; Sánchez-Chardi et al., 2007; Sánchez-
Chardi et al., 2008). However, in other surveys using rodents, significant differences in body 
mass and haematological indices have been detected (Nunes et al., 2001; Topashka-Ancheva 
et al., 2003; Tersago et al., 2004).  
 
5. Conclusion 
 
Related with the mine type and the labouring period duration, our study demonstrates 
that the extractive industry in Aljustrel mine result in higher environmental concentrations of 
toxic metals. Consequently, the animals from Aljustrel presented a higher hepatic elemental 
bioaccumulation. Nevertheless, the biological effects seem to be similar in the both mining 
mice populations. In fact the Se-GPx activity and the hepatic histological alterations in both 
areas can indicate oxidative stress and cellular damage, respectively, being these biomarkers 
  
96 
the most responsive to the polluted conditions of these mining areas. However, the hepatic 
increase of selenium, usually present in the pyrite mines, associated with other protection 
mechanisms (e.g. GSH, MTs) probably could have a defensive health role. Results also 
revealed a marked seasonal fluctuation in most parameters, possibly originated by 
environmental factors (e.g. temperature, food availability) and/or intrinsic biological cycles 
(e.g. growth, reproduction). Furthermore, the dry season in polluted areas reveals to be an 
additionally adverse condition to the wild mice. Sex was the one that least contributed to the 
observed variation of the quantified parameters. 
 Overall, results confirm the apparently high tolerance of Algerian mouse to metals 
pollution by increased their antioxidant capacity. However, the influence of abiotic and biotic 
factors cannot be excluded when monitoring wild populations. Besides, environmental 
degradation of the mining areas can potentially affect life health equilibrium by influencing 
biomagnification along food chains.  
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The potential use of metallothioneins (MTs) as biomarkers of trace metal contamination was evaluated for the ﬁrst time in the Alge-
rian mouse (Mus spretus). Mice were collected seasonally in an abandoned mining area (Aljustrel) and in a reference area, both located in
southern Portugal. MT levels were quantiﬁed in liver and kidney by diﬀerential pulse polarography and hepatic elemental concentrations
(Mn, Fe, Cu, Zn, Se) were determined by particle-induced X-ray emission. Hepatic iron and selenium concentrations were elevated in
mice from Aljustrel mine when compared to reference animals. MTs levels were averagely higher in mice from Aljustrel than those orig-
inated from the reference area. A season-dependent signiﬁcant eﬀect was found on the hepatic and renal MT concentrations, character-
ized by higher levels in winter and lower in autumn. In contaminated mice positive relationship between liver elemental contents (Cu in
autumn and Fe in winter) and MTs were found. The seasonal variation of MT suggests that probably physiological and environmental
factors could inﬂuence hepatic and renal MT induction. Results seem to imply that some environmental disturbance occur in the vicinity
of the Aljustrel mine. Therefore, for the management purposes MT levels should be followed in liver of M. spretus, especially in winter.
Furthermore, other physiological factors that could inﬂuence MT expression and turnover in Algerian mouse should also be monitored.
 2007 Elsevier Ltd. All rights reserved.
Keywords: Mus spretus; Abandoned mines; Elemental contamination; Metallothionein1. Introduction
In the latest years, several studies have stated that aban-
doned mining areas are potential sources of environmental
pollution (Quevauviller et al., 1989; Grimalt et al., 1999;
Pereira et al., 2004; Peplow and Edmonds, 2005), as a
result of the accumulation of signiﬁcant amounts of metal
residues.
Currently, in Portugal, about 85 inactive mines have
recently been deactivated by economic reasons and the0045-6535/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.chemosphere.2007.11.024
* Corresponding author. Tel.: +351 217500000; fax: +351 217500028.
E-mail address: ccmarques@fc.ul.pt (C.C. Marques).
10great majority of them without any previous environmental
plans (Santos Oliveira et al., 2002). Due to the long resi-
dence time of metals in mining areas, high levels of poten-
tial harmful elements may circulate and accumulate in their
surroundings, with unpredictable consequences for living
organisms, including man (Walker et al., 1997). An exam-
ple of this is the Aljustrel mine, located in southern Portu-
gal (Baixo Alentejo region). During labouring period of
this mine from 1867 to 1996, approximately 50000000 t
of metal residues were extracted.
Several authors have reported high metal body burdens
in small mammals inhabiting mining areas (Andrews et al.,
1984; Nunes et al., 2001; Ruiz-Laguna et al., 2001, 2006;
Viegas-Crespo et al., 2003; Bonilla-Valverde et al., 2004;7
Table 1
Elemental composition (lg g1) of soil samplesa and a vegetation poolb
from the reference and Aljustrel areas
Mn Fe Ni Cu Zn As Rb Pb
Reference
Soil 173 7.4% 132 39.7 82.3 7.1 20.4 24.3
Vegetation 53.0 395 3.0 7.00 33.0 0.3 10.0 n.d.
Aljustrel
Soil 487 5.1% 20.2 208 296 114 83.8 410
Vegetation 665 747 2.0 11.0 146 4.0 11.0 8.0
n.d., not detected.
a Determined by EDXRF (energy-dispersive X-ray ﬂuorescence
spectrometry).
b Determined by PIXE (particle-induced X-ray emission).
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metal accumulation in tissues of sentinel species its eﬀects
at the subcellular level cannot easily be assessed. Therefore,
the use of biochemical markers such as metallothioneins
(MTs) may be useful in evaluating metal exposure and pre-
dicting potentially harmful eﬀects originated by metal con-
tamination (Roesijadi, 1992).
MTs are a superfamily of ubiquitous low molecular
weight cysteine-rich proteins involved in tissue metal-
homeostasis and metal detoxiﬁcation, present in most
mammalian tissues (Ka¨gi and Kojima, 1987). Thus, MT
may protect cells against metal toxicity, and may provide
zinc/copper ions to certain metallo-enzymes and transcrip-
tion factors (Nartey et al., 1987; Sato and Brenner, 1993).
Due to their high cysteine content MT also participate in
the cellular defence against oxidative stress resulting, for
instance, from metal exposure (Miura et al., 1997; Kining-
hamandKasarskis, 1998). The induction ofMTwithin some
target tissues after exposure is well documented in marine
organisms in wild conditions (Seraﬁm and Bebianno, 2001;
Bebianno and Seraﬁm, 2003; Bebianno et al., 2003; Sma-
oui-Damak et al., 2004; Ivankovic et al., 2005) and in mice
in experimental conditions (Wlostowski et al., 2000; Suzuki
et al., 2002; Irato and Albergoni, 2005), but the same infor-
mation on terrestrial wild individuals is scarce (Wlostowski,
1986; Rogival et al., 2007; Swiergosz-Kowalewska et al.,
2007).
Inmammals,MTs aremulti-regulated proteins (Ka¨gi and
Kojima, 1987) and in natural conditions many biotic and
abiotic factors can diﬀerentially interfere with MT induc-
tion. Consequently, the inﬂuence of these factors onMT reg-
ulation cannot be forgotten, when assessing the potential use
of MTs as a biomarker of metal contamination.
A variety of methods are currently available to quantify
MT in tissues (Dabrio et al., 2002; Alhama et al., 2006).
Diﬀerential pulse polarography is a simple, highly sensitive
and low-cost method that can be used in routine analyses
of MT contents. This technique has been successfully
applied in marine organisms (Bebianno et al., 2003; Corre-
ia et al., 2004), and was ﬁrst developed to be applied in
mice after cadmium exposure (Olafson, 1981), but amongst
wild terrestrial mammals, and rodents in particular, has
rarely been used.
In this study, the Algerian mouse (Mus spretus, Lataste
1883), a common rodent species widely distributed in Portu-
gal, was used as a model to assess the MT related-induction
in terrestrial contaminated environments, by analyzing a
population inhabiting an abandonedmining area. The inﬂu-
ence of several factors, intrinsic and extrinsic, that may
inﬂuence metal uptake and MT levels was also examined.
2. Materials and methods
2.1. Study areas
The study was carried out in the vicinity of an aban-
doned mining area (Aljustrel mine), located in Baixo Alent-108ejo region in the Iberian Pyrite belt. The sampled area in
Aljustrel (375300800N; 080803200W) is situated alongside
the main watercourse (‘A´gua Forte’ stream), in which dur-
ing rainy periods the stored acidic eﬄuents are discharged.
The climate is characterized by dry, hot summers and mild
winters. Annual temperature ranged from 10.1 C to
22.2 C in the last decades. Maximum temperatures fre-
quently exceed 40 C during July and August and average
total precipitation is approximately 586 mm (National
Meteorological Service, Beja station, period 1961–1990).
The surroundings of the study area are mainly covered
by specimens of Quercus rotundifolia sparsely scattered.
Shrubs and herbaceous species (Rubus ulmifolius, Nerium
oleander, Echium plantagineum, Bromus rigidus, Vulpia
myunos and Phleum phleoides) were also present.
For comparative purposes, an area with similar climate,
vegetation and relief located 69 Km northeast from Alju-
strel mine (38201500N; 07170100W), was chosen as reference,
considering that no exogenous sources of metals were
known.
A previous environmental survey was performed to
assess the suitability of the selected reference area. This
preliminary study conﬁrmed the reduced levels of several
metals in the soil and vegetation in the reference area in
comparison with the mining area (Table 1).2.2. Mice sampling and organs collection procedures
A total of 61 adult Algerian mice (reference area, n = 30,
19 males and 11 females; Aljustrel area, n = 31, 18 males
and 13 females) were live-trapped on a seasonal basis,
between October 2002 and August 2003, during 3-night
sessions along 800 m transects. In both areas the total cap-
ture eﬀort was 450 traps night1. At the time of capture
mice were weighed, to the nearest 0.01 g, and sexed. In
the laboratory, mice were sacriﬁced by cervical dislocation,
according to legal and ethical recommendations. The liver
was promptly removed, weighed (nearest 0.001 g) and
divided in two fractions: one immediately stored at
20 C for later quantiﬁcation of elemental concentrations
and the other frozen in liquid nitrogen for later determina-
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removed, weighed (nearest 0.001 g) and immediately stored
in liquid nitrogen for MT quantiﬁcation.
2.3. Elemental analyses
Liver samples were freeze-dried and subjected to micro-
wave digestion in Parr TeﬂonTM vessels using suprapure
reagents, HNO3 and H2O2 (9:1 v/v), together with a solu-
tion containing Y (100 lg/l) as internal standard. Of the
resulting solution 10 ll aliquots were analysed by parti-
cle-induced X-ray emission (PIXE) for elemental concen-
trations determination, using the ITN 3 MV Van de
Graaf accelerator. This technique allows the simultaneous
determination of several elements. The elemental concen-
trations are expressed in lg g1 of sample wet weight.
The analytical quality control was carried out to estimate
the accuracy, repeatability and uncertainty of determina-
tions using certiﬁed reference materials from National
Institute of Standard and Technology (NIST-USA) and
from the Institute of Reference Materials and Methods
(IRMM.EC). The accuracy was within 5–7% for all ele-
ments and the repeatability was within 5–10%. The esti-
mated total uncertainty for the range of studied elements
in liver samples was in the overall below 15% (Barreiros
et al., 2001).
2.4. Determination of metallothionein
A portion of liver (ca. 0.1 g) and the whole left kidney
were homogenized in three volumes of 20 mM Tris-buﬀer
(pH 8.6). An aliquot of 3 ml of the homogenate was cen-
trifuged at 30000g for 45 min at 4 C. The supernatants
were heat-treated at 80 C for 10 min in order to precip-
itate the high molecular weight proteins and re-centri-
fuged for another 45 min at the same conditions.
Aliquots (250–300 ll) of the heat-denatured cytosol were
used for the quantiﬁcation of MT by diﬀerential pulse
polarography (DPP), according to the method developed
by Thompson and Cosson (1984) and modiﬁed by Bebi-
anno and Langston (1989). DPP is based on electrochem-
ical properties of the thiol groups present in the cysteines
of the MT molecules (Olafson, 1981; Dabrio et al., 2002).
Heat-treatment followed by centrifugation, sometimes is
not completely eﬃcient in removing all the high molecu-
lar weight proteins. However, as was demonstrated by
Olafson and Sim (1979) this is an eﬃcient treatment in
the case of mouse hepatic MT. On the other hand,
low-molecular-weight sulfydryl-containing compounds
such as glutathione, which are possibly not removed by
heat treatment do not interfere with the MT quantiﬁca-
tion (Bebianno and Langston, 1989). DPP was performed
in a polarograph lAutolab II with a stand Metrohm 646
using a static mercury drop electrode. Rabbit liver MT
was used as a standard for calibration. Levels of MT
were expressed as lg g1 wet weight of homogenized
tissue.102.5. Statistical methods
Data was expressed as mean ± standard error (SE). The
relative hepatic and renal mass ratios were calculated as a
percent ratio of somatic tissue (100  tissue wet mass/body
wet mass). Prior to analysis, data were checked for normal-
ity (Kolmogorov-Smirnov test) and homogeneity of vari-
ance (Levene’s test) and log-transformed when necessary.
MT concentration in analysed organs was compared apply-
ing Student t-test (t). To evaluate the inﬂuence of several
factors (body and organs mass, study area, season, sex)
the one-way or three-way analysis of variance (ANOVA,
F) followed by the Sheﬀe test were applied whenever possi-
ble or as an alternative, nonparametric Kruskal–Wallis test
(H) and Mann–Whitney test (Z) were used. To assess the
relationship of metal concentrations and body and organ
masses with MT concentrations in tissues Spearman corre-
lations were used. Tests applied were considered statisti-
cally signiﬁcant when p < 0.05. All statistical procedures
were performed with SPSS package (version 10.0 for Win-
dows, SPSS, Inc.).
3. Results
3.1. Morphological characterization
Mice from the polluted area show signiﬁcant seasonal
variations of body mass (F = 12292, p < 0.0001). In fact,
the body mass of animals was signiﬁcantly higher during
spring when compared with autumn and summer (post-
hoc Sheﬀe test, p < 0.05) (Table 2). Also seasonal varia-
tions in liver and kidney masses were observed only in
Aljustrel area (liver and % liver: F = 19.847 and
F = 6.439, p < 0.0001; kidney: F = 7.283, p = 0.001).
The liver mass mean value was higher in winter and
spring than in autumn and summer (post-hoc Sheﬀe test,
p < 0.05) (Table 2). On the other hand, the % liver was
only higher in winter than in autumn and summer
(post-hoc Sheﬀe test, p < 0.05). Additionally, the kidney
mass mean value was signiﬁcantly smaller in autumn
and summer when compared with spring (post-hoc Sheﬀe
test, p < 0.05) (Table 2).
A signiﬁcant eﬀect of area was found on masses of body,
liver and kidney in spring and summer (Table 2). In spring,
mice from the mining area were heavier than reference ani-
mals (F = 25.508, p = 0.001), but in summer their body
mass were signiﬁcantly smaller (F = 10.729, p = 0.004).
Also in spring and summer, liver and kidney mass was
higher in the polluted area in comparison with the refer-
ence area (spring: F = 31.985, p < 0.0001, F = 16.781,
p = 0.003, respectively; summer: F = 9.322, p = 0.007,
F = 8.709, p = 0.008, respectively) (Table 2). The % liver
was only signiﬁcantly higher in Aljustrel mine when com-
pared with reference animals in spring (F = 8.038,
p = 0.020). However, when seasonal morphological data
were pooled together, no signiﬁcant diﬀerences were found
between areas.9
Table 2
Seasonal variations of morphological data of M. spretus from the reference and Aljustrel mining area
Autumn Winter Spring Summer Annual average
Reference n = 8 n = 5 n = 7 n = 10 n = 30
Body mass (g) 13.33 ± 1.16 14.19 ± 0.74 11.56 ± 0.82 13.59 ± 0.56 13.14 ± 0.44
Liver mass (g) 0.719 ± 0.091 0.889 ± 0.067 0.626 ± 0.054 0.849 ± 0.058 0.769 ± 0.038
% Liver 5.28 ± 0.25 6.28 ± 0.35 5.40 ± 0.25 6.20 ± 0.23 5.78 ± 0.15
Kidney mass (g) 0.093 ± 0.013 0.114 ± 0.005 0.086 ± 0.005 0.103 ± 0.006 0.098 ± 0.004
% Kidney 0.68 ± 0.04 0.81 ± 0.07 0.75 ± 0.02 0.75 ± 0.02 0.74 ± 0.02
Aljustrel n = 9 n = 7 n = 4 n = 11 n = 31
Body mass (g) 12.65 ± 0.75 14.45 ± 0.85 17.67 ± 0.64 11.14 ± 0.50 13.17 ± 0.51
Liver mass (g) 0.717 ± 0.046 1.036 ± 0.068 1.152 ± 0.079 0.653 ± 0.031 0.823 ± 0.043
% Liver 5.70 ± 0.29 7.22 ± 0.41 6.50 ± 0.23 5.87 ± 0.13 6.21 ± 0.17
Kidney mass (g) 0.085 ± 0.006 0.108 ± 0.011 0.129 ± 0.011 0.080 ± 0.005 0.094 ± 0.005
% Kidney 0.68 ± 0.03 0.75 ± 0.05 0.74 ± 0.09 0.72 ± 0.03 0.72 ± 0.02
n: sample size.
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Increased Fe and Se concentrations, were observed in
the Aljustrel mice in comparison with the reference mice,
reﬂecting an inﬂuence of the inhabiting area on the organ
elemental content (Tables 3 and 4). Consequently, diﬀer-
ences were recorded in seasonal comparisons of elemental
concentrations between reference and Aljustrel mice. In
practically all seasons (autumn, winter and summer), Fe
and Se concentrations were enhanced in animals from
Aljustrel mine area (Kruskal–Wallis test, p < 0.05) (Table
3). In the polluted area, season- and sex-related diﬀerences
were only associated with Mn (Tables 3 and 4). High hepa-
tic levels of Mn were found in winter by comparison to
spring and summer (Mann–Whitney test, p < 0.05), and
the decreased contents observed in spring were signiﬁcant
when compared to those obtained in autumn (Mann–Whit-
ney test, p < 0.05). In addition, only female mice from Alju-
strel area presented high hepatic Mn concentration relative
to males (1.49 ± 0.09 vs. 1.14 ± 0.07 lg g1 wet weight;
H = 7.202, p = 0.007). Opposite, no signiﬁcant seasonal
diﬀerences were observed for hepatic Mn in mice inhabiting
the reference area (p > 0.05). Moreover, although not sta-
tistically signiﬁcant, Fe concentration in reference mice
presents a highly seasonal variation with a marked increaseTable 3
Seasonal variations in hepatic elemental contents (lg g1 wet weight) in M. sp
Elements Autumn Winter
Reference
Mn 1.3 ± 0.1 1.5 ± 0.2
Fe 71.2 ± 12.5 94.5 ± 14.8
Cu 4.4 ± 0.3 4.7 ± 0.3
Zn 24.2 ± 1.6 27.7 ± 2.4
Se 0.22 ± 0.04 0.28 ± 0.05
Aljustrel
Mn 1.4 ± 0.1 1.6 ± 0.2
Fe 166 ± 49 169 ± 20
Cu 4.1 ± 0.3 5.3 ± 1.1
Zn 25.7 ± 1.3 25.5 ± 2.5
Se 0.49 ± 0.03 0.79 ± 0.55
110in spring (Table 3). No seasonal eﬀects or gender variations
were associated with Cu and Zn hepatic concentrations.
However, the variations in hepatic Cu concentrations were
signiﬁcantly related to the mice inhabiting area (Table 4).
3.3. MT concentrations
The variation of MT concentrations in liver and kidney
of mice from both studied areas along one year period is
illustrated in Fig. 1. The MT concentrations in the kidney
are signiﬁcantly higher (Fig. 1B) when compared to the
liver tissue (Fig. 1A) (1142 ± 69 vs. 509 ± 63 lg g1 wet
weight; t = 6.834, p < 0.0001).
The eﬀect of study area, season and sex on MT concen-
tration in liver and kidney was assessed by multivariate
analysis, using body mass and liver and kidney masses as
covariates (Table 5). No signiﬁcant dependence of body
mass, liver or kidney masses, sex and study area on MT
concentration was observed. Only a signiﬁcant eﬀect of sea-
son was found on the MT concentration for both tissues as
can be noticed by the information listed in Table 5. In addi-
tion, assessing data from each area separately, seasonal dif-
ferences in hepatic tissue were observed only in the
Aljustrel mine (F = 6.525, p = 0.002) (Fig. 1), while in the
kidney seasonal diﬀerences were registered for both areasretus from the reference and Aljustrel mining area
Spring Summer Annual average
1.1 ± 0.2 1.2 ± 0.2 1.3 ± 0.1
188 ± 37 96.3 ± 17.2 95.8 ± 10.6
4.9 ± 0.7 5.3 ± 0.8 4.9 ± 0.3
26.3 ± 3.2 30.8 ± 4.3 27.6 ± 1.8
0.41 ± 0.21 0.34 ± 0.11 0.29 ± 0.05
0.9 ± 0.1 1.1 ± 0.2 1.3 ± 0.1
158 ± 43 167 ± 24 166 ± 16
3.9 ± 0.2 3.7 ± 0.6 4.2 ± 0.3
24.9 ± 1.1 23.6 ± 1.9 24.7 ± 0.9
0.49 ± 1.40 0.81 ± 0.15 0.69 ± 0.08
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Fig. 1. Seasonal variations of MT concentrations (expressed in lg g1 wet
weight) in liver (A) and kidney (B) of M. spretus from the reference and
Aljustrel areas.
Table 4
Results of Kruskal–Wallis analysis of variance relating hepatic elemental
concentrations as a function of study area, season and sex
Metal Source H ratio Signiﬁcance level (p)
Mn Area 0.253 0.615
Season 12.837 0.005*
Sex 7.329 0.007*
Fe Area 11.404 0.001*
Season 5.213 0.157
Sex 0.235 0.628
Cu Area 6.517 0.011*
Season 4.229 0.238
Sex 1.104 0.293
Zn Area 0.931 0.335
Season 0.630 0.890
Sex 2.949 0.086
Se Area 22.503 0.000*
Season 3.928 0.269
Sex 0.180 0.671
* Statistically signiﬁcant (p < 0.05).
Table 5
Three-way analysis of variance (ANOVA) relating the MT concentrations
(weighed by body mass, liver and kidney masses) to the study area, season
and sex
Metallothionein Source F
ratio
Signiﬁcance
level (p)
Liver Body mass (covariate) 0.337 0.565
Liver mass (covariate) 0.098 0.756
Area (main eﬀect) 2.559 0.120
Season (main eﬀect) 3.403 0.029*
Sex (main eﬀect) 0.916 0.346
Area  season (interaction) 2.187 0.109
Area  sex (interaction) 0.016 0.901
Season  sex (interaction) 0.142 0.934
Area  season  sex
(interaction)
0.157 0.855
Kidney Body mass (covariate) 0.238 0.629
Kidney mass (covariate) 0.115 0.737
Area (main eﬀect) 0.350 0.558
Season (main eﬀect) 6.863 0.001*
Sex (main eﬀect) 0.745 0.395
Area  season (interaction) 0.556 0.648
Area  sex (interaction) 0.050 0.825
Season  sex (interaction) 0.161 0.922
Area  season  sex
(interaction)
1.493 0.240
* Statistically signiﬁcant (p < 0.05).
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p = 0.013 for Aljustrel mine). In polluted area, liver MT
concentrations were higher in winter than in autumn and
summer (post-hoc Sheﬀe test, p < 0.05). The MT concen-
tration in kidney was smaller in autumn in comparison
with winter for both reference and Aljustrel mice (post-
hoc Sheﬀe test, p < 0.05) (Fig. 1).11Considering seasonal diﬀerences between areas only in
winter the MT concentration in liver of mice from Aljustrel
showed a signiﬁcant increase (F = 6.009, p = 0.037)
(Fig. 1).
3.4. Relationships between morphometric parameters,
elemental concentrations and MT concentrations
As seasonal changes of MT concentrations may be
linked to changes in elemental concentrations and morpho-
logical parameters, a correlation analysis was carried out
between the measured concentrations of hepatic MT and
the elemental contents as well as body and organs masses.
In the reference area, negative correlation values
occurred in autumn between liver MT and Mn (r =
0.786, p = 0.036), Cu (r = 0.964, p < 0.0001) and Zn
(r = 0.857, p = 0.014). Moreover, in Aljustrel mice posi-
tive correlation values exist in autumn and winter with
Cu (r = 0.943, p = 0.005) and Fe (r = 0.829, p = 0.042),
respectively.
4. Discussion
The usefulness of small mammals as biomonitors of
environmental contamination in terrestrial ecosystems is
highly recognized (Talmage and Walton, 1991; Milton
et al., 2002). Deactivated mines usually have serious envi-
ronmental impacts, as soil contamination may potentially
inﬂuence biota. The pyrite mine of Aljustrel is located in
the Iberian Pyrite Belt, a metalogenic province that crosses1
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enrichment in Mn, Fe, Cu, Zn, As, and Pb was reﬂected
in the elemental concentrations determined in vegetation
from Aljustrel mine area (Alvarenga et al., 2004).
In the present study, the inﬂuence of mining environ-
ment contamination was assessed in M. spretus by directly
measuring elemental and MT concentrations in organs.
The relationship between both indicators and morphomet-
ric data pointed out a remarkable ability of M. spretus in
managing adverse environmental conditions.
Thus far, the hepatic and renal quantiﬁcation of MT in
M. spretus have not been reported in the literature. There-
fore, present data provides new information on Algerian
mouse MT’s levels in liver and kidney and its variability
within species.
Body mass and organs mass are known to inﬂuence ele-
mental concentrations and consequently MT levels. In M.
spretus, signiﬁcant seasonal ﬂuctuations were only
observed in polluted area for body and organs masses.
Body mass can be a measure of environmental quality
and mass of somatic tissues may indicate metal exposure
at toxic levels (Ma, 1989). Nunes et al. (2001) also reported
alterations in body and internal organs mass in a metal pol-
luted area, using the same model species. Nevertheless, in
the present study an obviously correlation between mor-
phological parameters and elemental and MT concentra-
tion was not veriﬁed.
The elemental concentrations measured in organs of
mice from both reference and polluted areas are compara-
ble to previous studies enrolling the same species (Lopes
et al., 2002; Viegas-Crespo et al., 2003). Metal pollution
in Aljustrel area can relate to increased Fe and Se levels
of mice. Most metals in Aljustrel soil were several-fold
higher than in reference, excepted Fe and Ni, much higher
in reference area. On contrary, the Fe vegetation was two-
fold higher in mine area than in reference area (see Table
1). This probably could be related with the fact that Fe
has many insoluble forms in soil that cannot be absorbed
by the plants. So, perhaps the existing composites of Fe
in soil of Aljustrel are more soluble for the plants than in
reference area. Thus, the hepatic Fe concentration was
enhanced in mice from Aljustrel mine. Body Fe stores are
maintained and controlled within certain limits through
intestinal absorption and its excretion is limited in mam-
mals (Frazer and Anderson, 2003). As Fe reacts with oxy-
gen to cause oxidative damage, mammals have several
enzymatic pathways, many associated with Se and with
the glutathione, to scavenge oxygen radicals what justiﬁes
the raise of hepatic Se in mice from Aljustrel mine area,
as largely described in literature for several species (Ray-
man, 2005; Volkovava et al., 2005).
Another ﬁnding, although not statistically signiﬁcant,
was the twofold increase of Fe concentration in the refer-
ence mice in spring. This might be related with the start
of breeding period (spring) (Mathias, 1999). This result
was not veriﬁed in Aljustrel, probably because the animals
had always in all seasons a greater concentration of Fe.112However, in previous studies using the same species in
areas subjected to pyrite mining spills, drastic changes in
Fe concentrations were not detected (Bonilla-Valverde
et al., 2004; Ruiz-Laguna et al., 2006). Beyond this result,
a signiﬁcant seasonal variation of Mn hepatic level in pol-
luted mice, with maximum and minimum values in winter
and spring, respectively, was observed. In summary, varia-
tions in the concentration of essential metals in mammalian
tissues could have been related to life cycle or to changes in
environmental bioavailability of elements (Talmage and
Walton, 1991; Finley, 1999; Ahluwalia et al., 2000; Mertens
et al., 2001; Milton et al., 2003; Thomas and Oates, 2003).
Both, liver and kidney are responsible for trace elements
homeostasis and detoxiﬁcation processes in organisms. The
MTs produced in liver are linked to bioaccumulation and
excretion of metals via bile, such as Mn, Cu, and Zn pre-
venting their toxic eﬀects on other tissues. In the kidney
MT’s are associated with the excretion of waste metabolites
and toxic substances that also incorporate metals, such as
As, Cr, and Hg (Tandon et al., 2001). Thus, liver and kid-
ney MT induction seem to be dependent on the speciﬁc
metabolism of each element. So, interpretation of experi-
mental results should take in account the diﬀerential bioac-
cumulation of metals in both organs.
In the mine area studied transition metals are major
environmental pollutants and the major alterations in
MT contents were found in liver. MT concentrations
showed a tendency to be higher in mice from Aljustrel than
those from the reference area, during the one-year period
surveyed, and were positively correlated with Fe and Cu
in the mine area only during autumn and winter. This per-
iod corresponds to the rainy season, during which mine res-
ervoirs drain accumulated acidic eﬄuents, facilitating
metal oxides dissolution and their absorption by plants
and animals. MT expression can be induced by oxidative
stress thus having antioxidant properties (Kang, 1999;
Viarengo et al., 2000). Fleet and co-workers (1990a, b)
administered FeCl3 to experimental animals observing an
increase of hepatic MT levels. Also, Yasutake and Hiray-
ama (2004) demonstrated that Wistar rats feeding Fe-
enriched diet showed signiﬁcant alterations of MT levels
in the liver and kidney. Nevertheless, the factor that may
contribute to the poor correlation between MT and metals
in Aljustrel mine is the possibility that other metals than
those analysed in this study are bound to MT and MT
turnover within this tissues. In fact, in contaminated envi-
ronments, animals are generally exposed to a mixture of
diﬀerent metals and substances and MT induction cannot
be attributed to a single element or cause.
The seasonal marked relationship between MT and Mn,
Cu, and Zn concentrations observed in the reference area
are nevertheless surprising and may emphasize other
important aspects of the metabolism and life cycle of M.
spretus. These essential elements are known to have a
strong physiological regulation in mammals since high
increase concentrations have been reported only in cases
of very high intake or disrupted metal metabolism.
1346 C.C. Marques et al. / Chemosphere 71 (2008) 1340–1347The hepatic and renal MT concentrations were
clearly biased by season, most probably reﬂecting repro-
ductive cycle, food bioavailability, climate conditions,
etc. Sex dependency is another possible factor governing
MT levels in both organs. However, MT concentrations
were not diﬀerent between males and females. Recently,
similar results were reported in the bank vole (Clethrion-
omys glareolus) even in chronic exposure conditions at a
zinc–lead smelter (Swiergosz-Kowalewska et al., 2007).
Since these results are based on reduced sample sizes
in some seasons, further studies are needed to clarify
this ﬁnding.
Other important aspect that seems to inﬂuence hepa-
tic and renal MT induction is the photoperiod. In fact,
the eﬀect of photoperiod on physiological processes in
mammals is transduced by the pineal gland and its hor-
mone melatonin which is secreted and released into gen-
eral circulation in response to darkness. In bank voles
(C. glareolus), higher levels of MTs were observed dur-
ing the long photoperiod (Wlostowski et al., 2004). The
mice used in our study were regulated by their own cir-
cadian rhythms as they were caught in their natural
habitat, thus MT results might contain this source of
variability.5. Conclusion
Abandoned mines are one of the most serious environ-
mental problems in Portugal. So, to evaluate the possible
harmful eﬀects originated by metal pollution, the seasonal
levels of hepatic and renal MT were determined in M.
spretus for the ﬁrst time. MTs levels were averagely higher
in mice from the mining area than those originated from
the reference area. A season-dependent signiﬁcant eﬀect
was found on the hepatic and renal MT concentrations,
characterized by higher levels in winter and lower in
autumn. MT concentrations in tissues are often highly
variable and remarkably susceptible to the inﬂuence of
several intrinsic and extrinsic factors as life cycles and
the uptake of diﬀerent kinds of metals. So, in further
studies, seasonal and physiological variations should be
considered in relation to the metal levels incorporated
by small mammals.Acknowledgments
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ABSTRACT
Time-dependent effects of lead (Pb) toxicity were studied in Algerian
mice (Mus spretus) treated with Pb acetate via drinking water (1 g Pb
acetate/L) for different periods of exposure (15, 45, and 90 d). End points
included the determination of hepatic Pb concentration and the assessment
of some morphophysiological, biochemical and cytogenetical parameters. A
control group receiving distilled water was also monitored for comparative
purposes. Hepatic Pb accumulation increased with the time of exposure and
was significantly higher in treated mice when compared to controls. In asso-
ciation with significant body mass loss in Pb-exposed mice, for 15 and 45 d,
a significant increase in the relative spleen mass was observed after 45 d of
intoxication. Pb-exposed mice also showed significant decreases in red
blood cells, hematocrit, and mean corpuscular hemoglobin. On the contrary,
changes in plasma transferases (aspartate aminotransferase and alanine
aminotransferase) and hepatic superoxide dismutase activities did not
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reach statistical significance. A significant increase in the frequency of
micronucleated polychromatic bone marrow erythrocytes was also found in
the 90-d-exposed mice, compared to nontreated mice and the other exposed
groups. Exposure to Pb acetate resulted also in a slight time-dependent
decrease of the polychromatic–normochromatic ratio. These results support
the concept that a long-term chronic exposure to Pb induced alterations
upon some morphophysiological and genetic parameters in Algerian mice.
Index Entries: Lead acetate; intoxication; Mus spretus; biomarkers;
time-dependent effects.
INTRODUCTION
In recent years, investigation of environmental and biological contami-
nation by heavy metals has greatly increased. Because of its potential haz-
ards to living organisms, lead (Pb) is one of the major toxics in the
environment, being used by many industries, including mining and refining
(1–3). Intoxication by Pb is known to induce a broad range of physiological,
biochemical, genetic, and behavioral dysfunctions in living organisms (4,5).
Although no single mechanism for Pb toxicity has yet been defined, recent
studies suggested that Pb-induced damage might occur as a consequence of
Pb’s propensity for disrupting the susceptible pro-oxidant/antioxidant bal-
ance that exists in mammalian organisms (4,6). In fact, oxidative stress has
been implicated in Pb-associated tissue injury in the liver, kidneys, brain,
and other organs (7). Pb-induced oxidative stress is based on the inhibition
of functional sulfhydryl groups of numerous cellular enzymes such as
superoxide dismutase, gluthatione peroxidase, δ-aminolevulinic acid dehy-
drase, and others, interfering with some essential metals needed for antiox-
idant enzyme activities and other metabolic functions (8). On the other
hand, Pb stimulates lipid oxidation and alterations in membrane physical
properties by displacing iron (Fe2+) from membrane-binding sites (9). Recent
studies also suggested that Pb might cause DNA damage and, consequently,
in organisms the cells containing micronuclei, chromosomal aberrations,
and sister chromatids exchange might increase (10,11).
Rodents are currently used as sentinels for the assessment of haz-
ardous exposure to toxic contaminants (12–15), not only by their relative
abundance and easy manipulation but also because results might allow
extrapolations to other mammals, including man. In a previous in situ
monitoring of heavy metal pollution, resulting from mining activities, the
Algerian mouse (Mus spretus, Lataste, 1883) has demonstrated to be a rel-
evant model in assessing environmental pollution, through the use of dif-
ferent markers, such as morphological (16), physiological (17), and
biochemical (18). However, in the wild, living organisms are exposed to
several elements and other xenobiotics that might interact in many differ-
ent ways, being difficult to individualize biological effects of each element.
Until now, the effects of individual elements exposure, namely Pb,
upon the Algerian mouse have never been studied under experimental
76 Marques et al.
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conditions. Therefore, in the present study, Algerian mice were used as a
system model in the assessment of morphophysiological (body and inter-
nal organs mass and hematological parameters), biochemical (enzymatic
markers of toxicity), and cytogenetical effects (micronuclei frequency in
normochromatic and polychromatic erythrocytes) resulting from Pb
acetate exposure for different periods of time. Given the potentially high
toxicity of Pb, we also aimed to determine which of the used approaches
could provide an earlier warning of disruption in the condition and nor-
mal functioning of mice.
MATERIALS AND METHODS
Protocol Design and Sample Collection
A total of 51 apparently healthy adult males, averaging 16.8 ± 2.4 g in
body mass and reared in captivity were used in experimental tests. Mice
were housed in individual plastic cages and kept at similar conditions of
temperature, humidity, and photoperiod for at least 3–4 wk prior to the
experiments. Food (commercial mouse pellets, Panlab®; Spain) and water
were given ad libitum. Three groups of mice, totalizing 30 individuals, were
exposed to Pb acetate intoxication (C4H6O4·Pb·3H2O) (Merck, Germany)
via drinking water, at a concentration of 1 g/L (0.1%), for different periods
of time: 15 d (10 mice), 45 d (10 mice), and 90 d (10 mice). The remaining
21 mice, receiving distilled water but kept under similar ambient condi-
tions, were taken as controls (8 kept for 15 d, 8 for 45 d, and 5 for 90 d),
allowing the determination of reference values.
All mice were weighed (to an accuracy of 0.1 g) at the beginning (BMi)
and at the end (BMf) of experiments. Then, before the sacrifice of mice by
cervical dislocation, they were slightly and rapidly anesthetized using
diethyl ether and blood samples were collected by cardiac punction into
heparinized syringes. Plasma was separated by centrifugation at 1700g for
15 min at 4°C and were kept frozen (–20°C) for further analyses. Liver, kid-
neys, spleen, and adrenal glands were removed immediately from each
mouse and weighed (to an accuracy of 0.001 g). Liver samples were used
for the immediate determination of biochemical parameters, and portions
were stored at –20°C for a posterior evaluation of hepatic Pb content. For
the assessment of standard cytogenetical parameters, only 10 mice out of
these 21 controls (5 kept for 45 d and 5 kept for 90 d) were analyzed. No
mortality was observed throughout the experiments. Animals were main-
tained in captivity and sacrificed according to legal procedures.
Hematological Parameters
A Coulter Counter Analyser (Beckman Coulter, USA) was used to
determine red blood cell count (RBCs; ×106 mm–3), hemoglobin concentra-
tion (HGB; g/dL), hematocrit (HCT; %), mean corpuscular volume (MCV;
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×10–15 L), mean corpuscular hemoglobin (MCH; 10–12 g) and mean cor-
puscular hemoglobin concentration (MCHC; g/dL) (19).
Biochemical Parameters
Aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) activities (U/L) were determined in plasma, using a Reflotron®
Analyser (Boehringer-Mannheim, Germany), based on spectrophotometer
methods (Reflotron® Manual).
The activity (U/mg protein) of hepatic cytosolic superoxide dismu-
tase (Cu,Zn-SOD) was determined spectrophotometically according to the
method based on the autoxidation of epinephrine to adrenochrome
(20,21). Livers were rinsed, perfused with ice-cold 0,154 M KCl. 10% liver
homogenates were prepared in 0.05 M phosphate buffer, pH 7.8, using a
Potter–Helvehjen homogenizer (B. Braun Melsungen, Germany), and then
centrifuged at 1000g for 15 min at 4°C. One unit of SOD (U) was defined
as the quantity of enzyme producing an inhibition of 50% in the rate of the
adrenochrome accumulation at 480 nm, at 30°C and pH = 10.0.
The protein content of liver homogenates was measured through the
biuret method (22) using bovine serum albumin (Sigma, Spain) as standard.
Cytogenetical Parameters
At the time of death, bone marrow cells were flushed with fetal calf
serum from both femurs of each mouse for the estimation of the fre-
quency of micronuclei in polychromatic erythrocytes (MPCE/1000 PCE)
and micronuclei normochromatic erythrocytes (MNCE) (23,24). The
obtained cell suspension was centrifuged (500g, for 5 min), the super-
natant was removed, and the pellet resuspended in a small amount of
fetal calf serum. Then, a drop of the suspension was smeared on a clean
slide, air-dried, fixed in methanol, and stained with May–Gruenwald
and Giemsa solutions for microscopic examination (25). A minimum of
1000 immature erythrocytes (normochromtic and polychromatic) per
mouse was scored for micronuclei, using a cell counter; this number
sometimes is increased to 2000. The ratio between the polychromatic
(PCE) and normochromatic micronuclei (NCE) was also estimated, as
described elsewhere (26).
Lead Concentration
The hepatic Pb concentration in mice was analyzed by the particle-
induced X-ray emission (PIXE) technique at the Instituto Tecnológico e
Nuclear (ITN, Lisbon) using a 3-MV Van de Graaff accelerator. Liver sam-
ples were subjected to acid digestion with nitric acid and hydrogen perox-
ide, 15 : 1 (v/v), together with Y as an internal standard in closed Parr®
Bombs for microwave digestion, as a preconcentration procedure. From
the resulting solution, three aliquots of 10 µL each were analyzed and the
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obtained concentration corresponded to the aliquots average value. The
traceability of the analytical method was checked with certified reference
materials (BCR 279 and NIST 1571) (27). An accuracy of 4% for Pb deter-
mination below 13.6 µg/g dry mass was achieved. For Pb concentrations
down to 2 µg/g, the overall accuracy was checked with Specpure Alfa
solutions (NIST Traceable) and found to be below 8%. The Pb detection
limit was 1.0 ± 0.1 µg/g dry mass.
Statistical Procedures
All data analyses were performed using SPSS for Windows 5.0 soft-
ware (28). All variables were initially checked for normality, using the Lil-
liefors test (29), and tested for homogeneity of variances prior to analysis
of variances, using the Levene’s test (30).
One-way analysis of variance (ANOVA, F) and the post hoc Tukey b-
test analyzed the mean values of the several parameters in the different
groups, exhibiting a Normal distribution. Non-normally distributed vari-
ables were log-transformed and also compared using ANOVA procedures.
If log-transformations did not resulted in Normal distributions, the Mann-
Whitney U-test (Z) was used instead (30). Only a single control group was
constituted, because no differences were detected in the analyzed param-
eters among the different periods of time. Comparisons were made among
treated groups and between each treated group and the control one.
Organs weight was normalized as a ratio of final body weight. Body
mass variations (BMi–BMf) and paired organs weights were compared by
Student’s t-test for paired samples (t).
The relationships between some parameters were examined using the
Spearman’s rank correlation (r). Differences were considered statistically
significant at p<0.05. All values are given as mean ± standard error of the
mean (SEM). Minimum (Min) and maximum (Max) values are also
included.
RESULTS
Pb Accumulation
Hepatic Pb accumulations after different periods of exposure are
shown in Fig. 1. Pb-exposed groups presented significantly higher levels
of Pb when compared with the untreated group (F=5.909, p=0.002) in
which the hepatic Pb concentration was below the detection limit.
Although no significantly differences were observed among the three con-
taminated groups, Pb concentration increased with the period of expo-
sure—15 d: 4.9 ± 0.6 µg/g dry liver (Min-Max: 2.3–8.4 µg/g dry liver); 45
d: 6.1 ± 1.4 µg/g dry liver (Min-Max: 2.0–17.3 µg/g dry liver); 90 d: 8.3 ±
2.1 µg/g dry liver (Min-Max: 1.3–21.4 µg/g dry liver).
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Morphophysiological Parameters
Body and Internal Organs Mass
Mice submitted to Pb acetate exposure for shorter periods presented a
significant decrease in body mass (BMi–BMf) (15 d: t=–3.14, p=0.012; 45 d:
t=–3.16, p=0.012), whereas the 90-d experimental mice and the control
group maintained an almost constant body mass (BMi–BMf) (t=–0.77,
p=0.460 and t=–1.30, p=0.208, respectively) (Table 1).
Concerning organs mass (Table 1), kidneys were analyzed separately,
because the average masses of right kidneys were shown to be signifi-
cantly higher than those of left kidneys (t=5.03, p<0.0001). To the contrary,
the mean mass was considered for adrenals because no mass differences
were found between right and left adrenals.
Relative spleen mass increased significantly in 45-d Pb-exposed mice
when compared to controls (Z=–3.127, p=0.002), but no significant differ-
ences among contaminated groups were detected. A significant positive
correlation was found between the relative spleen weight and hepatic Pb
concentration (r=0.351, p=0.013). To the contrary, the liver, kidneys, and
adrenals mean relative masses were not significantly different between Pb-
treated mice and controls in spite of the increased relative mass in exposed
mice. No significant correlations were detected between these organs’
mass and hepatic Pb concentration.
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Fig. 1. Hepatic Pb concentrations (µg/g dry liver) in Algerian mice after dif-
ferent periods of exposure to Pb acetate. Mean values and standard errors of
mean (S.E.M.; boxes) of Pb concentration are given for each exposed group (NT
= not detectable; *significantly different from control mice using the ANOVA test,
p< 0.05).
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Table 1
Body Mass Variations and Relative Organs Mass 
in Algerian Mice Submitted to Different Periods 
of Pb Intoxication (n = Sample Size)
a n = 9.
* Significantly different from control mice using the Mann–Whitney U-test
(p<0.05).
+ Significantly different from BMf using the Student’s t-test (p<0.05).
125
Hematological Values
Results concerning hematological values (Table 2) show that Pb expo-
sure caused a significant reduction in RBCs (F=4.162, p=0.011) and in hemat-
ocrit (HCT) values (F=2.947, p=0.043). Mean corpuscular hemoglobin (MCH)
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Table 2
Hematological Values in Algerian Mice Submitted 
to Different Periods of Pb Intoxication (n=Sample Size)
a n = 18.
b n = 9.
c n = 8.
d n = 7.
e n = 5.
* Significantly different from control mice using the ANOVA test (p<0.05).
** Significantly different from 45-d exposed mice using the ANOVA test
(p<0.05).
126
values were also significantly lower in 90-d exposed mice when compared
with 45-d experimental mice (F=2.949, p=0.044). Mean values of HGB, MCV,
and MCHC were not significantly different between control and treated
mice. Nevertheless, mean values of these parameters were always lower in
90-d treated mice relative to other groups. No significant correlations were
detected between hematological values and hepatic Pb concentration.
Biochemical Parameters
Values of transferases in plasma showed no significant variations with
the period of exposure. However, mean values of AST and ALT were also
increased in 15-d and 90-d experimental mice and the dispersion of values
was higher in 45-d and 90-d exposed mice (Table 3).
No significant differences were found in hepatic SOD activity among
experimental groups. However, SOD activity increased in the 15-d
exposed mice and the higher variability of values was found in the 45-d
treated group (Table 3).
No significant correlations were found between AST, ALT, and SOD
activities and hepatic Pb contents.
Cytogenetical Parameters
An increased MPCE/1000 PCE was observed in treated mice, after 45
and 90 d of exposure. In 90-d exposed mice, micronuclei polychromatic
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Table 3
Plasma Aminotransferase Activities (AST and ALT) 
and Hepatic SOD Activity in Algerian Mice Submitted 
to Different Periods of Pb Intoxication (n= Sample Size)
a n = 19.
b n = 9.
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erythrocytes in the bone marrow was significantly different from either
controls (Z=–3.860, p<0.0001), 15-d exposed mice (Z=–3.061, p=0.002), and
45-d exposed mice (Z=–2.177, p=0.029) (Table 4).
On the contrary, the polychromatic–normochromatic erythrocytes
ratio (PCE/NCE) progressively declined with the time of exposure,
although not significantly.
No significant correlations were detected between cytogenetical
parameters and hepatic Pb concentration.
DISCUSSION
Two combined factors might account for the magnitude of effects
resulting from Pb exposure: the duration of exposure and dose level (31).
Generally, Pb toxicity in mammals is not noted up to a level of 5 µg/g
of dry mass in the liver, and a Pb level above 10 µg/g of dry mass can be
applied for diagnosing acute Pb poisoning in wild mammals (31). In the
present study, mice were exposed to a constant rate of intoxication of 1 g
Pb acetate/L of drinking water for different periods of time. This dose was
chosen to simulate environmental concentrations of Pb in some aban-
doned metalliferous mines that were observed in other studies (data not
shown). Also, this level of intoxication, corresponding to 250 times the
limit value recommended in the Portuguese Regulation for Surface Waters
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Table 4
Number of Micronucleated Polychromatic Erythrocytes 
(MPCE/1000 PCE) in Bone Marrow and the 
Polychromatic–Normochromatic Ratio (PCE/NCE) 
in Pb-Exposed Algerian Mice for Different Periods 
of Time (n = Sample Size)
* Significantly different from control mice and the other exper-
imental groups using the Mann–Whitney U-test (p < 0.05).
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(D.L. 243/2001), resulted in a mean hepatic Pb accumulation in mice of 4–8
µg/g of liver dry mass, depending on the duration of the exposure, 15 or
90 d.
The exposure to Pb acetate for 15 or 45 d produced a significant
decrease on mice body mass, but after 90 d of exposure, mass reversed to
initial values, suggesting a remarkable Pb poisoning resistance of mice.
However, a more reliable indication of the condition of the Pb-exposed ani-
mals might be provided by relative organs mass (32). In fact, in association
with body mass loss, we have also recorded a tendency for increased organ
masses (liver, kidneys, and spleen) in treated mice, at least up to 45 d of
exposure. Spleen mass increase or splenomegaly might be associated with
an immunological dysfunction, like hematologic disorders, resulting from
an increase in the defensive activities of this organ (33). A study using Wis-
tar rats exposed to Pb acetate (200 ppm Pb) for 4 wk has indicated a marked
increase in spleen mass when Pb was administered by intraperitoneal injec-
tion, and histological modifications like an increase in the number of lym-
phocytes as well as edema when the administration was orally (34). On the
other hand, an increased relative kidney mass has already been reported in
Pb-exposed small mammals (31), namely in the bank vole Clethrionomys
glareolus and in the wood mouse Apodemus sylvaticus, showing hepatic Pb
levels of 5.1 and 12 µg/g of dry mass, respectively. In addition, it seems that
the kidney’s asymmetry is not genetically determined but depends on the
pattern of kidney growth (35). In this study, the mean difference for right
and left kidneys (right–left %) was 2.3 ± 0.3% in reference mice, 1.4 ± 0.6%
in 15-d exposed mice, 3.5 ± 0.2% in 45-d exposed mice, and 3.0 ± 0.2% after
90 d of exposure. These values seemed to reveal that the pattern of growth
was modified after 45 d of Pb exposure, although not significantly, but
under a continuous exposure, it seemed to return to reference values. To
gain more insight into these findings, histological studies need to be con-
ducted to clarify whether the organs’ weight increase was the result of
hyperplasia or hypertrophy of a specific tissue compartment.
In agreement with an increase in spleen mass, this study also revealed
significant decreases in RBC, HCT, and MHC values after 90 d of Pb intox-
ication. Pb might affect the production of hemoglobin by interfering with
the enzymes necessary for the biosynthesis of heme (e.g., δ-aminolevulinic
acid dehydrase), resulting in defective heme synthesis and anemia (5). The
above findings are compatible with a microcytic hypochromic anemia,
resulting from the presence of erythrocytes with decreased volume in
which the concentration of hemoglobin is reduced (5,33). This is the first
time that this pathology is diagnosed in M. spretus. In contrast, in macro-
cytic anemia, the amount of hemoglobin in each red cell is elevated in pro-
portion relative to size. Macrocytosis has been associated with hepatic or
pulmonary diseases (19,33) and was already reported in M. spretus inhab-
iting a copper mine area (16).
Regarding hepatic SOD, no significant changes in its activity was
found in relation to the time of exposure, in spite of a slight increase in
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mean activity values after 15 d of exposure. These results are in accordance
with others reported in laboratory rats exposed to 1 g Pb acetate/L drink-
ing water for 8 wk (36) and receiving daily 1 mg Pb/Kg body mass by
intraperitoneal injection for a 4-wk period (7). Although the oxidative
stress induced by the pro-oxidant effect of Pb is not well established, some
authors suggested that autoxidation of excessively accumulated δ-
aminolevulinic acid (the major heme precursor) resulting from the inhibi-
tion of δ-aminolevulinic acid dehydrase might result in the formation of
intermediary oxygen radicals and nonsignificant changes in the activity of
antioxidant enzymes (37). This could be one of the plausible reasons for
the unchanged SOD activity observed in the above-described studies,
including the present study. Similarly, nonsignificant variation in plasma
aminotransferases activity between treated mice and controls was
detected, although higher variability of AST and ALT were observed in 45-
d and 90-d exposed mice. They are intracellular enzymes located in the
mitochondria and cytosol, whose plasma levels are usually low, as con-
firmed by the levels measured in reference mice. Significant cell damage
involving both the mitochondrial and plasma membranes might originate
increased levels of both enzymes in plasma (38,39). However, their release
into the blood of free-ranging wildlife in relation to pollutant levels is not
well documented, namely of heavy metals, for which a variety of
responses have been recorded (40). Therefore, the Pb toxicity in this species
might have involved protector mechanisms to tolerate the metal. Recent
studies in molecular toxicology reported that cells treated with a toxicant,
such as Pb, could respond by altering its gene expression. An example of
a gene that responds to many toxicants is the one responsible by the codi-
fication of metallothionein (41). In some studies on Pb exposure, an
increased level of metallothionein in the liver was reported (42) as a
defense mechanism against the toxic effects of the metal (41).
Currently used approaches to evaluate the consequences of environ-
mental contamination involve the assessment of genotoxic damages and
other cell-detrimental effects on organisms (14,43). Micronuclei, derived
from chromatid, chromosome fragments, or lagging chromosomes (24)
provide an idea on the clastogenic potential of any agent and have been
often used to evaluate somatic cell damage (43). In the present study, fre-
quency of MPCEs in bone marrow significantly increased in 90-d exposed
mice. The increased in micronuclei with time of exposure is in agreement
with other studies in rats (44) and in humans (45), suggesting that Pb
acetate might enhance clastogenicity on mice bone marrow cells. However,
the mechanism of Pb-induced mutagenesis is still unknown (46). The pos-
sible pathway might involve the induction of genotoxicity and carcino-
genicity by indirect interactions with DNA, such as oxidative stress
mediators (47).
In summary, Pb-exposed mice in this study showed clear signs of
chronic toxicity after a longer exposure, although for biochemical parame-
ters, those signs were not clearly expressed. The apparent discrepancy
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between morphophysiological (spleen mass vs hematological parameters)
and biochemical (hepatic SOD activity) results might be related to the
same source: the interference of Pb with the heme biosynthesis pathway.
This study revealed that blood parameters, body and relative organs’
mass, and the frequency of micronuclei are the most adequate and useful
biomarkers in determining chronic toxicity of Pb administered orally in
Algerian mice.
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Abstract 
In consequence of human activities large amounts of cadmium, lead and zinc are often 
released simultaneously in the environment. The aim of this study was to investigate, in 
experimental conditions, the DNA damage in the Algerian mice (Mus spretus) when 
exposed individually or in selected combinations to cadmium (Cd), lead (Pb) and zinc (Zn), 
using three cytogenetic end points: the frequency of micronucleated cells (MN) and sister 
chromatid exchanges (SCE) in the bone marrow and the frequency of sperm abnormalities. 
Mice were contaminated by intraperitoneal (i.p.) injections with 5 or 10 doses of cadmium 
acetate, lead acetate and zinc acetate, corresponding to 1/10 of LD50, respectively 21.5, 
0.46 and 1.5 mg/kg b.w.. The control groups were injected in the same way with distilled 
water. 
With only one exception (Cd+Zn group treated with 5 doses), results showed a significant 
increase of MN in all groups for both treatments (5 and 10 doses). Similarly, the results 
concerning the SCE revealed a statistically significant increasing change in all treated 
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animals, with the exception of the Zn group treated with 5 doses. Sperm abnormalities 
significantly differ in animals treated with 5 doses, except in the group Pb+Zn. In animals 
treated with 10 doses the number of sperm abnormality is always statistically higher, when 
compared with controls. 
This study indicates that cadmium, lead and zinc can induce MN, SCEs and sperm 
abnormalities in Algerian mice and that mutagenic potential is dependent of the time of 
exposure and the interaction between elements, confirming the environmental damage that 
may result from the simultaneous action of several metals. Most relevant is the toxic 
potential for Zn, related with the dose, which may compromise its protective effect against 
other metal contaminations, such as cadmium. 
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1. Introduction 
Heavy metals contamination is among the most hazardous environmental problems caused 
by such human activities as mining or smelting. In contaminated areas living organisms 
became exposed to the simultaneous action of several potentially toxic metals with 
unpredictable health consequences. For instance, in Pb-Zn mining and smelting areas 
elevated concentrations not only of lead and zinc but also of other metals, like cadmium, 
which is a byproduct of these activities, may occur [1]. 
Cadmium and lead, even at low concentrations, are capable of inducing DNA damage. Zinc 
is a trace metal playing a key role in the synthesis and stabilization of genetic material but, 
in elevated concentrations, zinc salts can also be cytotoxic [2]. 
Several studies, in mine areas and storage battery plants, demonstrated that the occupational 
lead and cadmium exposures can induce genotoxic effects, such as increased frequencies of 
micronuclei and sister chromatid exchanges, in exposed workers [3-7] 
The environmental genotoxicity of heavy metals has been investigated mainly in small 
mammals [8,9] not only because they are able to accumulate a wide spectrum of 
contaminants present in the ecosystem [10] but also because they are usually abundant over 
easily identified areas and rapidly trapped. Animals from lead, cadmium and zinc polluted 
areas have revealed high liver and kidney concentrations of these metals which, among 
other effects, were correlated with increased frequencies of micronucleus and sperm 
abnormalities [11,12]. In spite of these, the genotoxic mechanism of heavy metals remains 
unknown. Some metals can interact directly with DNA, while others can interact primarily 
with proteins [3]. For lead and cadmium the indirect genotoxic effects may be predominant 
at biologically relevant doses through interferences with the DNA repairing process [13]. 
Because in experimental conditions it is much easier to study a single metal and establish 
the dose-effect relationship, few laboratorial studies using wild biological models have 
addressed the consequences of the simultaneous action of several heavy metals, in 
particular their genotoxic effects. Therefore, the aim of this study was to investigate, in 
experimental conditions, the potential DNA damage in a wild model, the Algerian mouse 
(Mus spretus) exposed to cadmium, lead and zinc. Administrated individually or in 
different two-element combinations, possible interactions between metals and their 
consequences, using three cytogenetic end points (micronucleus test, sister chromatid 
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exchanges assay and sperm abnormalities assay), were assess. The Algerian mouse is 
widely distributed over Iberia and southern France and is most abundant in Portugal. 
Previous studies have already confirmed the adequacy of this species as a in situ 
bioindicator of heavy metals contamination [14-16]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
140
2. Materials and methods 
2.1. Animals and Chemical treatment 
A total of 96 adult Mus spretus male mice reared in captivity were used in the present 
study. Mice weighing an average of 14.4 + 1.7 g, were housed in individual plastic cages 
under standard laboratory conditions at a temperature of 22,1 + 0,8ºC, 36,3+3,3 of humidity 
and 12/12h light/dark photoperiod with ad libitum access to food (commercial mouse 
pellets) and water throughout experiments. 
Previous to experimental exposures, acute injected LD 50 were determined based on the 
Acute Toxic Class Method [17] using the Probit graphic calculation [18] and found to be 
4.6 mg/kg b.w. for cadmium acetate, 215 mg/kg b.w. for lead acetate and 150 mg/kg b.w. 
for zinc acetate. Cadmium acetate, lead acetate and zinc acetate were purchased from 
Merck and dissolved in distilled water. 
In chemical treatments sixteen groups of six mice each were used, as follows: six groups of 
mice were exposed by intraperitoneal (i.p.) injections to cadmium acetate, lead acetate, and 
zinc acetate (two groups for each element) at a dose corresponding to 1/10 of the LD 50, 
i.e., 0.46 mg/kg b.w. for cadmium, 21.5 mg/kg b.w. for lead and 1.5 mg/kg b.w. for zinc. In 
each group, mice were injected in alternate days for two different periods of 11 or 21 days, 
i.e. mice were submitted to the contamination of 5 or 10 elemental doses. Another six 
groups of animals were exposed simultaneously to a combination of two metals, following 
a similar procedure regarding the concentrations and the number of doses of exposure: two 
groups were injected with lead acetate and zinc acetate, two groups with cadmium acetate 
and zinc acetate and two groups with lead acetate and cadmium acetate. Mice received a 
first i.p. injection with one metal and a second injection with the other metal 30 minutes 
later. The remaining four groups of six mice were injected i.p. with distilled water and 
served as controls for comparative purposes. Two control groups received single water i.p. 
injections, 5 and 10 doses, respectively. Additionally, two other received double water 
injections (again with 5 and 10 doses, respectively) as described for the simultaneous 
metals treatments. For the determination of sister chromatid exchanges, only three animals 
per group were analyzed. All animals were maintained in captivity and sacrificed by 
cervical dislocation 24 hours after the last injection. 
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2.2 Micronucleus (MN) test 
At time of death, bone marrow cells from the right femur of each animal were flushed with 
foetal calf serum, for the estimation of the frequency of micronuclei in polychromatic 
erythrocytes (MNPCE/1000PCE), according to [19]. The obtained cell suspension was 
centrifuged (800 rpm, for five minutes), the supernatant was removed and the pellet re-
suspended in foetal calf serum. Then, a drop of the suspension was smeared on a clean 
slide, air-dried, fixed in methanol and stained with May-Gruenwald and Giemsa solutions 
for microscopic examination with a magnification of 100x [20]. Giemsa and May-
Grunwald stains were purchase from Merck. The incidence of micronucleated 
polychromatic erythrocytes in 1000 polychromatic erythrocytes per mouse (coded slides) 
and the ratio between the polychromatic (PCE) and normochromatic micronuclei (NCE) 
were scored. 
 
2.3. Sister chromatid exchange (SCE) 
Twenty four hours before death, the animals were injected i.p. with an aqueous suspension 
of 5-bromodeoxyuridine (BrdU) adsorbed to activated charcoal (1mg/g b.w.) [21]. Twenty 
one hours later an i.p. injection of colchicine (10 mg/g b.w.) was administered to each 
mouse in order to stop the mitotic process in metaphase. BrdU, activated charcoal and 
colchicine were obtained from Sigma. At time of death the left femur were dissected out, 
bone marrow extracted in KCl 0.075 M and incubated in a water bath oven for 30 minutes 
at 37ºC, centrifuged at 1000 rpm for 10 minutes and fixed three times with methanol + 
acetic acid (3:1). Chromosome slides were prepared by dropping the cell suspension onto 
cleaned slides. The slides were then dried and stained according to the method of 
Fluorescence plus Giemsa to differentiate the sister chromatids [22]. Fluorescent stain and 
Hoechst 33258 were obtained from Sigma. The microscopic observations, performed with a 
magnification of 100x, included an SCE scoring made in 25 second-division mitosis per 
mouse. 
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2.4. Sperm shape abnormality assay 
The cauda epididymus of mice were dissected out placed in 1 ml of Sorensen buffer (pH 
7.0) and slightly centrifuged (800 rpm, 1 minute) to obtain a pellet without any cell 
damage. After removed the supernatant, the pellet was resuspended in 1 ml of Sorensen 
buffer. A drop of the suspension was taken on a clean slide and a smear was made, air-dried 
and fixed in absolute methanol for 10 min. After dried overnight the slides were stained 
with 10% Giemsa for 1 h [23] and observed on the microscope with a magnification of 
100x. According to Wyrobeck and Bruce [24] 1000 sperms per animal were assessed for 
morphological abnormalities which included amorphous, without hook, banana shape, and 
tail abnormality. 
 
2.5. Statistical analysis 
All data analyses were performed by SPSS for Windows 5.0 [25]. Differences between the 
exposed groups and the respectively control group were assessed using Student’s t-test after 
confirmation of a normal distribution. Significance of differences was examined at the P 
value of 5%. 
 
3. Results 
3.1. Micronucleus test 
Metal Exposures 
An increase in the frequency of MNPCEs was observed in all single metal treated groups 
when compared with controls for both treatment periods (5 and 10 doses) (Table 1).  Cd 
treated groups showed always the highest frequency of MNPCEs, and zinc Zn groups the 
lowest frequency (t=2.355 p=0.04 for 5 doses and t=5.467 p<0.0001 for 10 doses). A 
significant difference was also observed between Pb and the Zn groups treated with 10 
doses (t=2.742 p=0.021). In what concerns the ratio between the polychromatic and the 
normocromatic erythrocytes, all single metal treated groups showed a decrease when 
compared with the controls but a significant difference was only observed for Cd (t=4.256 
p=0.003) and Zn (t=2.831 p=0.022) groups treated with 10 doses (Table 1). 
Animals exposed to a simultaneous administration of two metals showed significant 
increases in the MNPCE frequencies when compared with the respective control groups. 
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The only exception was Cd+Zn group treated with 5 doses (Table 1). In this case, the 
frequency of MNPCE was very similar to the frequency of Zn-treated groups (for 5 doses 
and 10 doses). In fact, as revealed by the comparison between Cd and Cd+Zn groups, the 
simultaneous exposure of these two metals promotes a decrease in the MNPCE frequencies. 
This antagonistic effect was not found after simultaneous lead and zinc exposures since 
similar frequencies of MNPCEs were registered between Pb and Pb+Zn groups (Table 1). 
Although not statistically significant, Pb+Cd groups revealed the highest frequency of 
MNPCEs when compared with the other two metals treated groups considering both 
treatment periods. Simultaneous exposure of two metals induced a decrease in the 
PCE/NCE ratio for all treated groups, although not statistically significant (Table 1). The 
largest differences were observed for the Pb+Zn group treated with 5 doses and the Cd+Zn 
group treated with 10 doses. 
 
Time/Dose Effect 
In most cases, MNPCE frequencies were higher after a 10 dose-treatment than after a 5 
dose-treatment. Statistical differences were observed in Cd groups (t= 4.346 p=0.001), 
Cd+Zn groups (t=3.408 p=0.007) and Pb+Cd groups (t=5.212 p<0.0001), i.e. significant 
increases between 5 and 10 doses were obtained for all groups treated with cadmium. 
Therefore, cadmium treated groups showed not only higher frequencies of MNPCE but also 
a time and a dose dependent toxic effect. A significant decrease was observed for the ratio 
PCE/NCE in single metal treated groups (Table 1), comparing both experimental periods 
(for Pb t=2.671 p=0.002; for Cd t=2.952 p=0.014; for Zn t=2.837 p=0.002), being the 
decrease after a 10 dose treatment more evident, confirming that metal exposures induce a 
perturbation in the hematopoieses. Control groups also showed an increase in the basal 
frequency of micronuclei after two injections of water probably due an immediate response 
to repeated manipulation wich may also be reflected in the other tested groups. However, 
this effect has been taken into account since the results of contaminated animals were also 
considered against controls (Table 1). Furthmore, beloging to a wild species, intraspecific 
variability in tested animals can explain this wide range among micronuclei values.  
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Table 1: Percentage of Micronucleated Polycromatic Erytrocytes (MNPCE) in 1000 Polycromatic 
Erytrocytes and the ratio between Polycromatic and Normocromatic Erytrocytes (PCE/NCE ratio) in bone 
marrow cells after treatment with Pb, Cd and Zn 
 
Group 
 
 
Doses 
 
n Nº of PCE 
analyzed 
Min-Max MNPCE 
 
PCE/NCE* 
 
    (%+ SD) Ratio + SD 
 
      
Control 5 6 6000 2-3 2.50 + 0.55 0.83 + 0.16 
Cd 5 6 6000 5-8 6.83 + 1.33 ab 0.66 + 0.20b 
Pb  5 6 6000 5-8 6.17 + 1.47 a 0.83 + 0.14b 
Zn 5 6 6000 4-6 5.33 + 0.82 a 0.81 + 0.22b 
 
      
Control 10 6 6000 1-5 2.83 + 1.47 0.83 + 0.23 
Cd 10 6 6000 10-15 11.33 + 2.16 ab 0.39 + 0.09 abc 
Pb 10 6 6000 5-12 8.50 + 2.43 a 0.52 + 0.25bc 
Zn 10 6 6000 3-8 5.17 + 1.72 ac  0.50 + 0.15 abc 
 
Control (2 inj) 5 6 6000 2-5 4.00 + 1.10 0.86 + 0.12 
Cd+Zn  5 6 6000 2-9 5.33 + 2.66b 0.74 + 0.60 
Pb+Zn  5 6 6000 5-7 6.17 + 0.75 a 0.57 + 0.34 b 
Pb+Cd  5 6 6000 5-8 6.83 + 1,17 ab 0.75 + 0.32 
 
      
Control (2 inj) 10 6 6000 3-5 4.33 + 0.82 0.91 + 0.12 
Cd+Zn 10 6 6000 7-11 9.50 + 1.38 abc 0.69 + 0.30c 
Pb+Zn 10 6 6000 5-13 8.00 + 2.76 a 0.72 + 0.22bc 
Pb+Cd  10 6 6000 9-13 10.83 + 1.47 ab 0.74 + 0.08c 
a
 P< 0.05; significant when compared with the control 
b
 P < 0.05; significant when compared the treatment periods (5 and 10 doses) 
c
 P < 0.05; significant when compared one metal treated groups with two metal treated groups 
* At least 4 for animals for group were analyzed for the ratio PCE/NCE  
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3.2. Sister chromatid exchange 
Metal Exposures 
Results revealed a statistically significant increase in the frequency of sister chromatid 
exchanges in all single metal treated groups when compared with the controls, except in the 
Zn group treated with 5 doses (Table 2). The SCEs values for the Zn groups were 
significantly lower than in either Pb or Cd treated mice (for 5 doses Pb t=4.610 p<0.0001 
and Cd t=9.456 p<0.0001; for 10 doses Pb t=7.346 p<0.0001 and Cd t=10.971 p<0.0001). 
Animals exposed to Cd showed a significant increase in the SCE frequency when compared 
with the remaining groups, for both treatment periods (p<0.05). These results seem to 
reveal a pattern of genotoxicity, with cadmium inducing the highest frequencies of sister 
chromatid exchanges, followed by lead and finally zinc, which only induced a significant 
increase after longer and higher exposures (for 10 doses t= 7.373 p<0.0001). 
The simultaneous treatment with two metals induced in all groups a significant increase in 
SCE frequencies (Table 2). Maximum frequencies were observed in animals treated 
simultaneously with Pb and Cd. In this case, SCE frequencies were statistically higher than 
in either controls or the other treated groups, Pb+Zn and Cd+Zn. The simultaneous 
exposure of mice to cadmium and zinc induced a significant reduction in SCE in 
comparison with both Cd and Cd+Zn treated animals (for 5 doses t=2.839 p=0.005 and for 
10 doses t=4.899 p<0.0001). This decrease was not observed in Pb+Zn groups; SCE 
frequencies were very similar between Pb+Zn and Pb groups (Table 2). 
 
Time/Dose Effect 
A significant increase of sister chromatid exchanges was always found in all experimental 
groups exposed to a larger exposure period, i.e, after 10 doses administration (p<0.05). In 
single metal treated groups the largest difference was found in Pb treated mice and the 
lowest in the Zn treated mice. In the simultaneous exposures Pb+Cd treated mice showed 
the largest difference and Cd+Zn the lowest. 
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Table 2: Frequency of Sister Chromatid Exchanges (SCEs) induced by Pb, Cd and Zn in bone marrow cells 
Group Doses n Nº of cells Min-Max Nº of SCEs per cell 
 
  analyzed SCE SCEs (mean+S.D.) 
 
      
Control 5 3 75 0-4 40 0.53+0.10 
Cd 5 3 75 1-5 155 2.07+0.11ac 
Pb  5 3 75 0-4 107 1.43+0.12ac 
Zn 5 3 75 0-3 58 0.77+0.07c 
 
      
Control 10 3 75 0-3 57 0.76+0.08 
Cd 10 3 75 2-5 251 3.35+0.09abc 
Pb 10 3 75 1-6 226 3.01+0.13abc 
Zn 10 3 75 0-4 133 1.77+0.11abc 
 
      
Control (2inj) 5 3 75 0-3 43 0.57+0.09 
Cd+Zn  5 3 75 0-4 124 1.65+0.09ac 
Pb+Zn  5 3 75 0-3 98 1.31+0.09ac 
Pb+Cd  5 3 75 0-5 161 2.15+0.13a 
 
      
Control (2inj) 10 3 75 0-2 44 0.59+0.07 
Cd+Zn 10 3 75 0-5 186 2.48+0.15abc 
Pb+Zn 10 3 75 0-6 241 3.21+0.15abc 
Pb+Cd  10 3 75 1-8 286 3.81+0.16abc 
a
 P< 0.05; significant when compared with the control 
c
 P < 0.05; significant when compared one metal treated groups with two metal treated groups 
b
 P < 0.05; significant when compared the two periods of time (5 and 10 doses) 
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3.3. Sperm abnormalities test 
In this assay several morphological alterations in the mice sperm are observed after toxic 
exposures. Results showed that abnormalities such as amorphous sperms and without the 
usual hook are the most observed after metal exposures. On the contrary, the two tails and 
the banana form are the least common morphological abnormalities (Table 3). 
 
Metal Exposures 
When compared with controls, the frequency of abnormal sperms increased significantly in 
all single metal-treated groups (p<0.05) (Table 3). After 5 doses administration the 
maximum frequency of abnormalities was found in the Pb treated mice while cadmium and 
zinc groups showed similar frequencies. However, after a 10 doses contamination, the 
maximum frequencies were obtained in cadmium treated groups, and the minimum 
frequencies in zinc contaminated groups, which are in accordance with the micronucleus 
and sister chromatid exchange results (Tables 1 and 2). 
All groups simultaneously exposed to two metals revealed a significant increase in the 
frequency of abnormal sperms, when compared with controls (p<0.05). The only exception 
was the Pb+Zn group treated with 5 doses (Table 3). However, after a 10 doses 
administration, the frequency of abnormal sperms increases and is even higher than in the 
Cd+ Zn group. For both treatment periods, the highest abnormal sperm frequencies were 
observed in Pb+Cd groups. 
 
Time/Dose Effect 
A significant increase between 5 and 10 doses treatments was only observed for Cd 
(t=3.312 p=0.008) and Pb+Zn (t=3.227 p=0.009) groups. In fact, considering the 5 doses 
treated groups, Cd treated animals showed the lowest sperm abnormalities frequency. 
However, after a 10 doses treatment this group showed the higher frequency of sperm 
abnormalities, followed by lead and zinc groups, a pattern that was also observed for 
micronucleus and sister chromatid exchanges (Table 1 and 2). These results indicate that 
the genotoxic effects in the germ cells are more evident after a longer contamination period. 
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Table 3: Different types of sperm abnormalities and the percentage frequency of abnormal 
sperms induced by Cd , Pb and Zn  
Group Doses n Total  Min-Max Hook less Banana Amorphous Two Tails Total  Abnormal 
 
    Sperm Counted      Abnormal Sperm  Sperms (%) 
 
          
Control 5 6 6000 15-21 69 6 31 1 107 1.78 + 0.28 
Cd 5 6 6000 25-40 129 2 66 3 200 3.33 + 0.50abc 
Pb  5 6 6000 26-88 167 11 92 0 270 4.50 + 2.17a 
Zn 5 6 6000 22-54 136 2 62 1 201 3.35 + 1.18a 
 
          
Control 10 6 6000 16-28 94 1 28 2 125 2.08 + 0.47 
Cd 10 6 6000 38-84 203 25 104 4 336 5.60 + 1.60ab 
Pb 10 6 6000 39-65 188 20 109 1 318 5.30 + 0.94a 
Zn 10 6 6000 22-56 172 7 70 0 249 4.15 + 1.17a 
 
          
Control (2 inj) 5 6 6000 16-30 80 4 39 1 124 2.07 + 0.51 
Cd+Zn  5 6 6000 26-57 145 12 80 1 238 3.97 + 1.07a 
Pb+Zn  5 6 6000 22-48 135 13 37 0 185 3.08 + 1.09b 
Pb+Cd  5 6 6000 42-60 159 12 135 0 306 5.10 + 0.72ac 
 
          
Control (2 inj) 10 6 6000 16-28 90 4 46 0 140 2.33 + 0.41 
Cd+Zn 10 6 6000 30-78 149 12 95 3 259 4.32 + 1.76a 
Pb+Zn 10 6 6000 31-76 180 12 135 2 329 5.48 + 1.47ab 
Pb+Cd  10 6 6000 34-94 230 16 135 0 381 6.35 + 2.27a 
a
 P< 0.05; significant when compared with the control 
c
 P < 0.05; significant when compared one metal treated groups with two metal treated groups 
b
 P < 0.05; significant when compared the two periods of time (5 and 10 doses) 
 
4. Discussion 
Although their genotoxic potential differs, our study revealed that lead, cadmium 
and also zinc had the ability to cause DNA damage. 
The present study clearly demonstrates that cadmium is a potent mutagenic agent 
and that genotoxic effects are dependent of the exposure time, probably due to the animals’ 
inability to eliminate this metal from their tissues [26]. Nevertheless, the mechanisms of 
cadmium genotoxicity are not completed understood. Inhibition of DNA repair has been 
identified as one of the main mechanisms contributing to the genotoxic potential of 
cadmium, by interacting with metal-binding sites of proteins involved in this process [27]. 
Besides this, other possibilities have been advanced like the trigger of the lipid peroxidation 
which can lead to the formation of mutagenic adducts in DNA [28].  
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Lead toxicity is well known and includes renal, hepatic, neurological, hematological 
and reproductive adverse effects [29]. Lead compounds are also capable of inducing gene 
and chromosome mutations [30]. However, lead is considered a weak mutagenic agent 
because conflicting results had been found in studies using mammalian cell cultures 
exposed in vitro to lead compounds and in studies using human cells of subjects exposed to 
environmental and occupational lead [31-36]. Our results showed in general a significant 
increase in the number of micronucleus, sister chromatid exchanges and sperm 
abnormalities in Pb treated animals but, in contrast with the cadmium contamination, no 
significant increase in the induction of micronuclei and sperm abnormalities with the 
duration of experiments has been found. These results are in accordance with others studies 
using the micronucleus test [e.g. 37; 38; 39] as well as the sperm abnormalities test [23, 
40]. Similarly to cadmium, the processes that induce lead genotoxicity are not fully known. 
Induction of lipid peroxidation (LPP) and reactive oxygen species (ROS) has been 
considered as one of the direct mechanisms underlying lead-mediated DNA damage [e.g. 
23].  
Contrarily to cadmium and lead, which are toxic metals without any known 
biological role, zinc is an essential trace element involved in numerous biological functions, 
including synthesis and stabilisation of genetic material by acting as a cofactor of enzymes 
involved in these processes [41]. However, under excessive exposures zinc can also induce 
toxic effects [42]. In what concerns zinc genotoxicity Walsh et al. [2] reviewed several in 
vitro and in vivo studies and widely found results. Our results demonstrated that zinc can 
induce significant increases of MNPCE, SCE (only after 10 doses) and sperm abnormalities 
when compared with the control groups, although lower than in animals treated with 
cadmium or lead (with only one exception for the sperm abnormalities of animals treated 
with 5 doses of cadmium) which confirms that zinc is less genotoxic than Cd or Pb, as 
previously already pointed out by Claverie et al. [43]. In spite of the specific role of zinc in 
spermatogenesis [44], our results demonstrated that elevated zinc acetate exposures can 
alter the normal function of the male mice reproductive system. This genotoxic effect in 
sperm cells can be due an alteration of the normal kinetics of cell proliferation and 
differentiation, because, as advanced by Evensson (1993) [45] , high Zn concentrations can 
destabilize S-S bonds and Zn complexation within and between protamine molecules, 
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leading to a destabilization of sperm chromatin quaternary structure and greater 
susceptibility to DNA denaturation in situ. Several studies have demonstrated that zinc can 
interact with cadmium, decreasing its toxic effects [46, 47], possibly through decreased 
cadmium absorption or alterations in metallothionein levels [48]. For example, Hurna and 
Hurna [49] demonstrated in V79 cells exposed to several cadmium concentrations a 
protective effect of zinc, reflected in decreases of the micronucleus frequencies in cells pre-
treated with zinc. Similarly, Fernández et al. [50] also detected a zinc DNA damage 
protection in embryonic mice cells exposed to cadmium. The injection of zinc before 
cadmium treatment could keep the expression levels at basal levels. In the present study the 
simultaneous treatment by cadmium and zinc decreased the frequencies of MN, SCE and 
sperm abnormalities in comparison to Cd treatment, but significant results were obtained 
only for SCE frequencies. These results are probably due to the elevated doses of zinc used 
which, as already been referred, may also induced per se genotoxic effects. In the case of 
lead and zinc interactions, no amelioration effect was found. In fact, for animals exposed to 
the longer period of 10 doses the frequencies of MNPCE, SCE and sperm abnormalities 
were higher in the animals simultaneously treated with the two metals. In vitro studies have 
shown that the interaction between lead acetate and cadmium chloride can induce DNA 
damage with a synergistic effect [51]. Contrarily to cadmium treated mice, in which the 
protective effects of zinc are well documented, in the case of lead, Vitamin C [23, 52] and 
calcium [53] have been used with much better results in the decrease of DNA damage by 
preventing the oxidative stress after lead exposures. 
In conclusion, as revealed by the three cytogenetic endpoints used, cadmium, lead and zinc 
are capable of inducing DNA damage in Algerian mice. The use of several tests is essential 
to have a full picture of the genotoxic effects especially in wild species since the variability 
among animals can be higher than in laboratorial animals. The toxic effects of the three 
elements tested are dependent of the time exposure and the interaction between elements. 
Toxic effects of zinc, an element essential to hundreds of biological processes, are related 
with the dose, which compromises its protective effects against other metals, in particular 
cadmium. These results confirm the environmental damage that may result from the 
simultaneous action of several elements and suggest the relevance of ex situ studies, in 
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combination with in situ studies, in assessing the environmental risk of the contamination 
by potentially toxic metals. 
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4. GENERAL DISCUSSION AND CONCLUDING REMARKS  
 
4.1. METAL ABANDONED MINES AS AN ENVIRONMENTAL PROBLEM 
 
Previous studies on heavy metals contamination, have called the attention to the 
environmental risks associated with abandoned mine areas. In Portugal, mining exploitation is 
an ancient activity dating back to the Pre-Roman and Roman periods (Instituto Geológico e 
Mineiro, 1999). This activity played an important role in the Portuguese economy in the 19th 
and 20th centuries, but in recent decades practically all the mining labouring has been 
suspended. Consequently, several of abandoned metalliferous mines, left by past generations, 
may represent important sources of environmental pollution with unpredictable 
ecotoxicological hazards. The mining wastes still containing high metal concentrations 
embody a source of metal pollution for a long time after extraction (Santos Oliveira et al., 
2002). The Aljustrel mine is a good example of this reality, being one of the largest 
deactivated pyrite mines in Portugal. During its almost 130 years of labouring (1867-1996), 
approximately 50 000 000 tones of metals residues were extracted from this mine. Mine 
tailings resulting from this activity are unvegetated and the landscape reveals high 
degradation. Another example is the Preguiça mine whose activity occurred from 1911 to 
1964 leading to the extraction of approximately 16 200 tones of zinc and lead ores (Instituto 
Geológico e Mineiro, SIORMINP, internal report). Over the last years, the area once occupied 
by the mine has been covered by vegetation, hiding all the tailings and scoria produced and 
accumulated in the soil. 
Soils in both mining areas are highly polluted, representing a hostile environment for 
most plants and animals. As reported in Paper IV and V, the environmental characterization 
conducted in 2002, showed an increased in total concentration of manganese, copper, zinc, 
arsenic and lead in soils from Aljustrel area when compared with an unpolluted reference area 
(Moura). With the exception of manganese and copper, similar increases in metal 
concentrations were registered in Preguiça soils. The soil concentrations of zinc in both 
mining areas and lead in Aljustrel exceeded the maximum allowed value for soils according 
to the Portuguese Legislation (Decreto-Lei 118/2006). Moreover, the analysis of plants from 
Aljustrel, revealed an increased concentration of manganese, iron, zinc, arsenic and lead, 
while in Preguiça this increase was only observed in plants for zinc and lead. Even though 
manganese, iron, copper and zinc are essential elements, high levels of these metals may yield 
adverse effects to biota (Goyer, 1997). On the other hand, metals like lead and arsenic are 
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among the most toxic metals in these soils. They may persist for long periods in environment, 
being taken up by plants or soil organisms and transferred further to the food chain, with 
potentially adverse impact on environmental quality, wildlife and human health (Rieuwerts et 
al., 1998; Erry et al., 1999, 2000).  
Results of this study, confirm the fact that total metal concentration in soil does not 
necessarily indicate its availability to plants. In fact, the total metal content of soil frequently 
includes fractions that are not immediately available to plants, microorganisms and soil fauna 
(Zang et al., 2001), since the potential mobilization of metal in soil is influenced by many 
factors such as soil pH, dissolved organic matter, and soil characteristics like clay, oxides and 
cation exchange capacity (Ahlers, 2001; Kabata-Pendias, 2004). The bioavailability of 
elements has been the most crucial problem in environmental studies and recent investigations 
stated that soil pH was one of the most influential factors regulating the percentage of 
available metals in the solution phase (Kraus and Wiegand, 2006; Navarro et al., 2006). So, 
considering this relevant aspect and since environmental conditions such as climate and soil 
organic matter are relatively similar for both study areas, the acidic conditions registered in 
Aljustrel soil probably facilitated the elemental transfer for plants and probably also for soil 
fauna. As recognized, a series of chemical and biochemical reactions take place when pyrite 
and other sulphide minerals associated are exposed to water and oxygen. The sulphides 
oxidize to sulphates and the pH falls markedly as a result of the formation of sulphuric acid 
(Singer and Stumm, 1970). With the decreasing pH, the mobility of elements tends to 
increase. This produces a mine water discharge characterized by elevated acidity and high 
concentration of sulphates and metals (e.g. iron, copper, zinc, cobalt, chromium, manganese, 
lead and cadmium) (Nieto et al., 2007).  
The analysed environmental results confirm the potential impact of the two metal 
abandoned mines. But, since both mines are distinct concerning the sort of extracted metals, 
the total exploitation period and the elapsed time since abandoned, the environmental quality 
in Aljustrel seems to be more of concern in terms of soil and vegetation. Once metals are 
introduced into the food chain their biomagnification can be especially highly dangerous to 
living organisms. Nonetheless, the geochemistry of the soil and plant species or ecotype can 
influence the plant and soil fauna uptake and subsequently the transfer of metals into the food 
chain. As a result more studies in situ studies are required to understand these complex 
interactions. 
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4.2. UPTAKE OF ELEMENTS BY SMALL MAMMALS  
 
Small mammals have been extensively used as bioindicators of metal contamination 
(Talmage and Walton, 1991; Mertens et al., 2001; Nunes et al., 2001a, b; Viegas-Crespo et 
al., 2003; Bonilla-Valverde et al., 2004; Sanchéz-Chardi and Nadal, 2007; Sanchéz-Chardi et 
al., 2007). In fact, wildlife animals can provide powerful information about characteristics, 
amounts, and types of chemicals present in the environment, and in many cases they tend to 
respond more quickly than humans at lower dosages (National Research Council, 1991). 
Dietary ingestion is recognised as the primary source of environmental metal intake in 
small mammals (Hunter et al., 1987; Ma, 1989). However, the transfer of metals from the 
environment to terrestrial mammals depends of several abiotic and biotic factors, such as 
season (e.g. temperature, humidity and photoperiod), the species involved, its diets and age 
(Hunter et al., 1987; Erry et al., 1999, 2000; Lopes et al., 2002; Viegas-Crespo et al., 2003; 
González et al., 2008).  
The selection of Crocidura russula (White-toothed shrew) and of Mus spretus 
(Algerian mouse) for the assessment of toxicological effects resulting from the metal 
exposure in abandoned mines, was based on several important species characteristics (see 
General Introduction to details), which makes them valuable bioindicators (Talmage and 
Walton, 1991). Additionally, in nature these species are abundant enough to support the 
harvesting without major adverse effects (National Research Council, 1991). 
Many analytical techniques can be used for the determination of elemental 
concentrations in biological samples. In this study, two different techniques were used to 
determine metal concentrations in the animals’ tissues. Elemental concentrations in shrews 
were determined by ICP-MS (Inductive Coupled Plasma Mass spectrometry) and PIXE 
(Particle Induced X-ray Emission) was used to quantify elements in Algerian mice. The 
differences in the elemental sensitivity for ICP-MS and PIXE are due to intrinsic features of 
the two techniques, but both are powerful with multi-element analysis capability. 
In shrews from Preguiça, enhanced values of hepatic nickel and cadmium were 
detected (see Paper I). Cadmium is a non-essential metal that usually accompanies most ores 
of lead and zinc (Vairinho and Fonseca, 1989), justifying the increase in Preguiça shrews. On 
the other hand, results reported in paper II for C. russula inhabiting pyrite mine showed high 
levels of lead, mercury, and nickel in hepatic and renal tissues. Moreover, hepatic 
concentrations of iron, cadmium, and molybdenum were higher and chromium lower in 
Aljustrel shrews when compared with reference animals. Similar elemental increases in 
rodents’ species have been already reported by other studies conducted in a different pyrite 
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mine in Portugal (Pereira et al., 2006). Concerning the Algerian mice in Preguiça area, only a 
hepatic selenium increase was verified (Paper IV). Moreover, a hepatic increase of iron and 
selenium and a decrease in copper was observed in Algerian mice from Aljustrel area (see 
Papers IV and V). These results are also in agreement with previous results reported in pyrites 
mines by Viegas-Crespo et al. (2003) and Pereira et al. (2006).  
Metals like iron, copper, selenium and molybdenum are physiologically essential, but 
they can also alter their function in animals when the exposure dose exceeds a critical 
threshold, which is species-specific, and can depend on age, sex, reproductive status and 
physiological condition of organisms (Hoffman et al., 2001). On the other hand, cadmium, 
lead, mercury and nickel are considered to be highly toxic to mammals (e.g. Talmage and 
Walton, 1991). They can induce oxidative stress and carcinogenesis (e.g. Karmakar and 
Chatterjee, 1998; Hsu and Guo, 2002; Punshon et al., 2003; Kasprzak et al., 2003; Silbergeld, 
2003), so concern should be taken on the accumulation of these elements in the body. 
Considering these findings, the adverse environmental conditions in both polluted 
mines seem to reveal a disturbance in shrews and mice metal metabolism, with higher 
accumulation level in individuals from the Aljustrel in comparison with Preguiça area. In fact, 
these results support the hypothesis of a high transfer of elements in Aljustrel, probably 
because of the high bioavailability in soil acidic conditions (Alvarenga et al., 2004).  
Few studies have addressed the seasonal changes in bioaccumulation of metals and 
other elements in wild small mammals. In this study, both species presented hepatic elemental 
variations associated with season (Papers II, IV and V). Seasonal variation of essential metal 
concentrations may be related to life cycle traits (growth, gonad maturation, and 
reproduction). These differences may arise because of the indirect effects of pollution 
affecting food diversity and metal bioavailability and the consequent changes in exposure to 
essential and non-essential elements (e.g. Hunter and Johnson, 1982; Cloutier et al., 1986; 
Hunter et al., 1989; Lopes et al., 2002). Age can also significantly influence elemental organ 
contents. Age-dependent variation was only analysed for the Aljustrel shrews (see Paper II). 
The results revealed an increase of cadmium, mercury and lead with age, and a decrease of 
chromium and nickel. With the exception of lead, this variation is in accordance with results 
reported elsewhere (Smith and Rongstad, 1982; Pankakoski et al., 1993, 1994; Milton et al., 
2003, Sanchéz-Chardi et al., 2007). Although not expected, the hepatic lead increase with age 
in shrews may be attributed to the differences between hard and soft tissues accumulation. On 
the other hand, sex remains as the factor of least importance in bioaccumulation patterns for 
both species. As reported in Paper II, IV and V, the high hepatic concentrations of 
molybdenum and nickel in female shrews as well as the manganese in female mice can be 
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associated with nutritional and hormonal status (Lopes et al., 2002, Viegas-Crespo et al., 
2003). 
In this study it was not possible to assess the interspecies differences for non-essential 
metals, but in relation to essential elements (e.g. manganese, iron, copper, and zinc) shrews 
accumulate higher concentrations than Algerian mice. In fact, different small mammal species 
may differ in tissues and body contents of elements. Habitat differences and the different 
composition of the diet can undoubtedly play a significant role in tissue bioaccumulation. 
Since shrews are insectivores, therefore in a superior position in the food-chain, they are 
usually more exposed to metals and accumulate higher amounts of these elements than 
omnivores or herbivores (revision in Talmage and Walton, 1991; Ma and Talmage, 2001; 
Hamers et al., 2006).  
The concentration of essential and non-essential elements in tissues of shrews and 
Algerian mice provide evidence that there may be a toxicological risk associated with 
inhabiting abandoned mines sites. Furthermore, cumulative effects and/or interactions 
between potentially toxic metals with other components cannot be disregarded. Also relevant 
is the fact that these species are important prey items for raptors and large mammals, and 
consequently provide a vehicle for higher trophic levels transport and for food-chain transfer 
of metals.  
 
 
4.3. TOXICITY BIOMARKERS DURING CHRONIC ELEMENTAL EXPOSURE 
 
4.3.1. In Situ Monitoring 
 
The measurement of the biological effects of metal pollution in small mammals has 
become of major importance for the assessment of environmental quality of the abandoned 
mining areas. In this project, several toxicological parameters have been assessed for the first 
time as pollution biomarkers in C. russula and M. spretus. 
The enzymatic parameters considered in the present study are known to be involved in 
various detoxification processes related to glutathione (see General Introduction to details). 
As reported in Papers III and IV, a hepatic decrease of glutathione S-transferase (GST) 
activity was observed in C. russula from Aljustrel area, while M. spretus showed an increase 
in glutathione peroxidase (GPx) activity. In Preguiça, an identical increase of GPx was 
observed in Algerian mice. Nevertheless, shrews presented a slight increase in GST activity. 
The variations in antioxidant enzyme levels in small mammals as response to different 
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pollutants have been already reported by other authors (Ruíz-Laguna et al., 2001; Viegas-
Crespo et al., 2003; Bonilla-Valverde et al., 2004; Świergosz-Kowalewska et al., 2006). The 
GST activity decrease in Aljustrel shrews might indicate a limited ability to ensure protection 
against oxidative stress induced by toxic metals. On the other hand, the GPx activity increase 
in Aljustrel and Preguiça Algerian mice indicates enzyme induction, possibly as a protection 
mechanism against reactive oxygen species (ROS) considering that iron and eventually other 
metals can promote ROS production (Stohs and Bagchi, 1995). Curiously, since selenium was 
the cofactor of the GPx enzyme (Rotruck et al., 1973), the elevated activity of this molecule 
and the higher hepatic concentrations of selenium in Algerian mice in both mining areas could 
contribute to eliminate the increased reactive oxidative species and consequently improving 
the animals’ health condition (Chen et al., 2006; El-Sharaky et al., 2007).  
These present results highlight the induction of enzymes of the antioxidant defence 
system by enhanced production of ROS as a protection mechanism against oxidative stress or 
inhibition when the deficiency of the systems occurs, predicting toxicity (Cossu et al., 1997). 
So, enzymatic activities seem to be useful biomarkers for oxidative stress in M. spretus and C. 
russula exposed to elemental pollution. However, data on seasonal variation of antioxidant 
defences is quite scarce for wild rodents (e.g. Viegas-Crespo et al., 2003). In this work, 
Algerian mice showed higher enzymatic activities in the dry season, mainly regarding GPx 
activity, suggesting an increase of oxyradicals production associated with higher metabolic 
rates during this period (Paper IV). The stressful environmental conditions, such as high 
temperatures and reduced food availability in dry season associated with the metal pollution 
explain the seasonal variation in the antioxidant enzymes in mining areas. Hepatic antioxidant 
protection systems seem to be also dependent on the age and sex of animals (Pinto and 
Bartley, 1969; Rikans et al., 1991). However, studies reported in literature are contradictory, 
and the associated changes seem to be species-dependent (Santos et al., 1995; Lopes et al., 
2002) (Papers III and IV).  
Antioxidant enzymatic activities can explain part of the protection of mice and shrews 
against metal-induced oxidative stress. However, antioxidant properties have been also 
assigned to metallothioneins (MTs), mainly derived from sulphydryl nucleophilicity, but also 
by binding transition metals displaying Fenton reactivity (e.g. Fe, Cu) that reduces oxidative 
stress (Kiningham and Kasarskis, 1998; Viarengo et al., 2000; Correia et al., 2002). In the 
present study, MTs levels were evaluated for the first time in liver and kidney of M. spretus 
population in Aljustrel and reference areas (see Paper V). The MT concentrations were 
significantly correlated with Fe and Cu and showed a tendency to be increased in Aljustrel 
mice, but seasonal factors may influence basal levels and induction of these proteins 
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(Langston et al., 2002). The higher liver MTs concentrations in winter probably reduce the 
deleterious effects of metals in this period. Similarly to the observed in marine organism in 
natural conditions (Serafim and Bebianno, 2001; Bebianno and Serafim, 2003; Bebianno et 
al., 2003; Gorbi et al., 2005), the present results strongly suggest that the levels of MT 
synthesis may be affected by endogenous and exogenous factors. MTs are multi-regulated 
proteins (Kägi and Köjima, 1987) and in the wild conditions many abiotic and biotic factors, 
such as for example photoperiod and reproductive status, can differentially interfere with the 
MT induction. Consequently, the influence of these factors on MT regulation cannot be 
discarded, when assessing the potential use of MT as a biomarker of metal contamination.  
The micronucleus test was performed only in wild shrews’ populations. Aljustrel 
animals exhibited significantly higher micronuclei frequencies in peripheral blood than 
individuals from the reference area (Paper III). This result was in agreement with other studies 
in small mammals, reporting an association of micronuclei frequencies and metal 
concentrations (e.g. Ieradi et al., 1996, Sánchez-Chardi and Nadal, 2007; Tospashka-Ancheva 
et al., 2003). In fact, heavy metals may act on the organisms either directly and/or by forming 
free oxygen radicals, initiating degenerative process and causing genotoxic effects (reviewed 
by Stohs and Bagchi, 1995; Leonard et al., 2004; Shi et al., 2004). 
Because of its unique metabolism and the relationship to the gastrointestinal tract, the 
liver is an important target of the toxicity of metals (Jaeschke et al., 2002), which can result in 
several histopathological alterations. In fact, both model species collected in both mine areas 
presented several hepatic histological alterations such as hepatocytes vacuolation, cell 
necrosis, and fibrosis. Moreover, increase evidence of apoptosis in hepatic tissue was 
observed in a single shrew from Aljustrel (Papers III and IV). The results are in accordance 
with other findings (Damek-Poprawa and Sawicka-Kapusta, 2004; Pereira et al., 2006) 
reporting the same kind of liver lesions in wild rodents exposed to a mixture of metals. It was 
impossible to determine which metal caused a specific lesion, considering that animals have 
been exposed to a mixture of elements. On the other hand, the specific mechanism by which 
metals produce adverse effects have yet to be fully elucidated (Rikans and Yamano, 2000; 
Mudipalli, 2007). So, laboratory experiments on the influence of lead, cadmium, zinc, iron, 
mercury, selenium on the organisms, and the localization of these metals in tissues by means 
of scanning microscopy techniques and the expression of some markers by 
immunohistochemical techniques should be carried out to clarify these aspects. 
Although some morphological, histological, biochemical and genetic effects were 
observed in the studied species, as previously reported in other studies (Ma, 1989; Nunes et 
al., 2001a, b; Milton et al., 2003) results also indicate an apparent high tolerance to metal 
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pollution of M. spretus and C. russula. The reduced changes in the general health condition 
(body condition, morphological and haematological parameters) in animals from both study 
areas support such findings (see Papers I, II, III, IV and V). Biological responses of 
environmentally exposed animals are often barely interpretable because of the high 
complexity of the pollutants and also because chronic exposure to low levels can lead to 
physiological mechanisms of adaptation reducing the animals sensitivity to contaminants 
(Sureda et al., 2006). 
Overall, although an apparent pollution tolerance was verified in both species from 
mining areas, the tissue elemental levels, the biochemical (antioxidant systems and MTs), 
cellular (hepatic histology) and genetic (micronucleus) alterations demonstrates the harmful 
environmental impact of Preguiça and Aljustrel mines. Although the health of an individual is 
an important cue, the most profound and long-term environmental effects occur at higher 
levels of biological organization (Bickham et al., 2000). In fact, chronic exposure may alter 
population’s dynamics such as a decrease in life expectancy, increase vulnerability to 
predators and/or dysfunctions in reproduction (Moriarty, 1988). Yet, in a complex mixture of 
chemicals, the diverse biological responses cannot be attributed to a specific compound but 
rather to their interactions. 
 
4.3.2. Ex Situ Monitoring 
 
Despite the difficulty to extrapolate from experimental studies where mammals have 
been exposed to single metals to field situations where mammals are exposed to a number of 
different metals, laboratory tests may provide useful results as preliminary indicators of 
environmental pollution.  
In the present study the effects of lead toxicity were analysed in M. spretus via 
drinking water for different periods of exposure (Paper I). This metal was chosen due to its 
presence in higher environmental concentrations in both studied mining areas. 
Some of the toxicological effects of lead observed in the present work have been 
described in other small mammals (Ma, 1989, 1996; Téijón et al., 2003). However, the 
molecular mechanism underlying toxicity is not completely understood (Smith et al., 1998), 
and the persistence of this contaminant in the environment calls for a deep assessment of 
wildlife and human risks. Lead is a metal known by affecting especially the hematopoietic 
system (Simmonds et al., 1994; reviewed by Ahamed and Siddiqui, 2007). However, other 
systems and tissues can be affected. Pb exposure may also produce toxic effects involving the 
neurological and cardiovascular system, the kidneys, the gastrointestinal tract, as well as the 
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reproductive system (Ma, 1996). In this study, as expected, the chronic exposure of Algerian 
mice to lead induced alterations in mice body and spleen masses and also changes on 
haematological system and at chromosomal level. The hepatic accumulation of lead over time 
and the alterations in mice health condition confirmed the toxicity of lead and led to the 
assumption that a long-term exposure may result in a reduced fitness of wild small mammals’ 
populations. 
Laboratory studies can help establishing cause-effect relationships useful to verify and 
predict effects on natural populations, although the majority of published data concerning 
toxicity testing of heavy metals is focused on single effects (e.g. El-Maraghy et al., 2001; 
Pyatskowit and Prohaska, 2008). However, the interactions between metals are widely known 
and need to be considered (Ince et al., 1999; Bellés et al., 2002). Metal-metal interactions can 
have antagonistic, synergistic, or non-interactive effects on both bioaccumulation and toxicity 
(Wang and Fowler, 2008). 
As reported in Paper II, an experimental study to investigate the DNA damage in 
Algerian mice (micronucleated cells, sister chromatid exchanges and sperm abnormalities) 
when exposed individually or in selected combinations to cadmium, lead, and zinc was 
carried out. These three metals are capable of inducing DNA damage in M. spretus. It was 
clearly demonstrated that cadmium is a powerful mutagenic agent, such as previously 
referred, and that the genotoxic effects are dependent of the duration of exposure (Karmakar 
and Chatterjee, 1998). As for lead contamination, results showed a significant increase in the 
number of micronucleus, sister chromatid exchanges and sperm abnormalities in Pb treated 
animals. Nonetheless, no significant increase in the induction of micronuclei and sperm 
abnormalities with the duration of exposure was observed. A possible explanation is the fact 
that the most of lead intake via ingestion is transferred to bones, where it has a low excretion 
rate and is stored in a relatively stable chemical form (Scheuhammer, 1991; Shore and 
Douben, 1994). Some elements, such as zinc, can have a preventive action over other 
toxicants such as cadmium (Mishima et al., 1997; Jemai et al., 2007). Nevertheless, the results 
of this study point out for increased zinc toxicity with the dose, compromising its protective 
effect against other metals. Little is known about toxic effects of zinc and the biological 
effects of exogenous zinc in mammal organs. Despite body Zn pools are firmly regulated in 
mammals and Zn is known to be required in DNA replication and repair and in a variety of 
enzymatic detoxification routes, the effects of Zn overload are far from being understood. 
Results obtained suggest that exposure to Zn may influence protein function where this 
element act as cofactor, other elemental homeostasis and eventually competition with other 
elemental species. 
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4.4. FINAL REMARKS 
 
1. The present work constitutes a major advance regarding the previous knowledge on 
the impact of abandoned metal mines in small mammal’s wild populations. 
2. The two studied mines in southern Portugal represent a considerable source of metal 
pollutants in the environment. 
3. Terrestrial wildlife inhabiting these areas is exposed to iron, nickel, lead, cadmium, 
mercury and selenium, which are abundant elements in mine tailings, especially in 
Aljustrel mine. These elements may have a high environmental impact as they can be 
easily washed out and dispersed, becoming highly bioavailable to biota 
4. It provides reference values for the analysed biomarkers allowing future comparisons 
with other small mammals’ populations.. 
5. M. spretus and C. russula are suitable bioindicator species of mine pollution, 
demonstrating variation of metal levels in their tissues and/or morphological, 
histological, biochemical and genotoxic effects of exposure. 
6. The consistency of the recorded results for both species, suggested that antioxidant 
enzymes and histopathological parameters are good endpoints to assess the effects of 
the exposure to metal contaminated environments. Also the metallothioneins in 
Algerian mice and the micronucleus test in shrews revealed to be important 
biomarkers. 
7. Apparently, the exposure to environmental pollutants does not affect the general 
health condition of mice and shrews from Aljustrel and Preguiça mining areas, 
suggesting a high tolerance to toxic metals and a possible involvement of biochemical 
compensatory mechanisms. 
8. Season, age and sex are important factors to be considered when conducting 
ecotoxicological studies, since they represent a source of variability in wild 
populations. 
9. Laboratory experiments can help to establish cause-effect relationships useful for 
predicting effects of specific contaminants on natural populations and has stressed the 
danger that chronic exposure to toxic metals may have. 
10. Since small mammals serve as sentinels for humans in toxicological investigations on 
exposure risks, it is conceivable that heavy metals could likely cause alterations in 
tissues and processes of human populations inhabiting the studied areas. 
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11. Biomonitoring pollution making use of wild small mammals is fundamental for an 
accurate environmental impact assessment and to improve our understanding of the 
response capacity of natural populations to pollution.  
 
 
4.5. FUTURE PERSPECTIVES 
 
 There is an increasing awareness of environmental pollution adverse effects both in 
wildlife and in human populations. Assessing environmental pollution health effects is a 
complex problem as a variety of pollutants simultaneously occurring at a certain time and 
location may have synergistic effects capable of amplifying the organisms’ response or 
cancelling effects that may reduce biological reaction. As already suggested in other studies 
(e.g. Nunes et al., 2001a, b), a battery of biomarkers should be used to obtain a more suitable 
assessment of the response of terrestrial small mammals inhabiting polluted areas. 
 Very little is known with regard to the long-term consequences of metal pollution in 
wild and human populations. The actions to reduce long-term risk require early detection of 
signs of toxicity and to achieve this goal, choice of bioindicators and biomarkers need to be 
appropriate.  
 As previously referred, the variability in abiotic and biotic parameters can affect in 
multiple ways biological responses in living organisms. In this way, the complexity of 
responses and interactions deserves more holistic approaches including the use of 
toxicogenomics, genomics, proteomics and metabolonomics techniques in toxicological and 
environmental sciences (reviewed by Kakkar and Jaffery, 2005). Also, since metals can 
modify directly or indirectly the balance between the concentration of pro-oxidant and 
antioxidants, the determination of oxidative stress (DNA damage, protein oxidation, lipid 
peroxidation) are valuable tools to assess effects of acute and chronic exposure of terrestrial 
organisms to toxic metals. Results from previous studies have suggested the usefulness of 
DNA damage assessment (e.g. comet assay, micronucleus test) to investigate the possible 
mechanisms of genotoxicity in mice (Festa at al., 2003; Léon et al., 2007; Mateos et al., 
2008). As genotoxins may induce changes in DNA that are passed to future generations, this 
kind of biomarkers can be used in a predictive way, avoiding irreversible ecological 
consequences.  
 Results obtained reinforce the need to endeavour monitoring environmental quality. 
Besides, more recently (in 2008) and related with the commodities (metals) higher prices, the 
Aljustrel mine has restarted the extractive activity. So, it will be desirable to establish a 
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continuous biomonitoring assessment, mainly in this mine, using biochemical indicators of 
the redox status in parallel with genetic associated markers. In addition, the use of 
experimental models to further understand the effects of the interaction of several metals 
appears to be important. Finally, accurate information on biological population’s parameters 
(e.g. density, age, reproduction, diet) and the monitoring of environmental variables (e.g. soil 
and plant metal concentrations, ambient temperature, humidity) will be essential to achieve a 
better ecotoxicological characterization of highly polluted areas. 
Biomonitoring pollution through wild animals is crucial for the assessment of 
environmental quality and to improve our understanding of the response capacity of natural 
populations to pollution. Advanced biomonitoring assessments such as carried out in the 
present project are urgent and highly recommended in the other old mines areas. 
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